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The Structure of Tanshinone-II* 


By Yasuaki OKUMURA, Hiroshi KAKISAWA, Mitsuko KATO 
and Yoshimasa HIRATA 


(Received December 12, 1960) 


Nakano and Fukushima isolated” three 
pigments, tanshinone-I, tanshinone-II and tan- 
shinone-III, from the root of Salvia miltorrhiza 
Bge. (Chinese drug, Tan-shen). Among these 
pigments, tanshinone-III was shown afterwards 
by Takiura® to be a mixture of tanshinone-Il 
and a new pigment, cryptotanshinone. Von 
Wessely et al. proved that tanshinone-I was 
a condensed phenanthrenequinone of the 
structure I, and cryptotanshinone was proved 
by Takiura® to have the diterpenoid naphtho- 
quinone structure II. 


OA _ O. 


Von Wessely and Lauterbach» worked on 
the chromophore of tanshinone-II but the 
whole structure of this pigment was not 
clarified. Thomson assigned a structure to 
tanshinone-II in his book, but it has no 
experimental basis. 

Tanshinone-II is an orange-red substance of 
molecular formula C,9H;sO3. It is shown to 
be an o-quinone by formation of a quinoxaline 
derivative on condensation with o-phenylene- 
diamine? and from infrared absorption 
maxima at 1701 and 1650cm™! attributed to 
quinone carbonyl absorptions. The ultraviolet 
absorption spectrum of this substance has 
four absorption maxima at 223, 268, 344 and 
457 mv and is obviously different from those 
of tanshinone-I and cryptotanshinone (Fig. 
1). Leucotanshinone-II-diacetate and leuco- 
tanshinone-II-dimethyl ether (VI) derived from 
tanshinone-II by reductive acetylation and 
reductive methylation, respectively, show ultra- 


Presented at the 12th Annual Meeting of the 
Chemical Society of Japan, Kyoto, April, 1959. 
1) M. Nakano and T. Fukushima, J. Pharm. Soc. Japan 
(Yakugaku Zassi), 54, 154 (1934). 
2) K. Takiura, ibid., 61, 475 (1941). 
3) F. von Wessely and S. Wang, Ber., 73, 19 (1940) 
+ K. Takiura, J. Pharm. Soc. Japan (Yakuguku Zassi), 
61, 482 (1941) 
F. von Wessely and T. Lauterbach, Ber., 75, 958 (1942) 
6) R.H. Thomson, “ Naturally Occurring Quinones”, 
Butterworths Sci. Pub. (1957), p. 263. 
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Fig. 1. Ultraviolet absorption spectra of tan- 
shinones ; 
—o— Tanshinone-I, —e— Tanshinone-ll, 
Cryptotanshinone in ethyl alcohol. 
vrolet absorption maxia at 250, 257, 326 


and 342myv, and their spectra are dis- 
tinctly different from those of leucotanshinone- 
I-dimethyl ether (Amax: 270, 316 and 347 m/) 
and of l-ethoxy-3, 4-diacetoxy-naphthalene 
(Amax : 295, 323 mv), synthesized as a model 
compound. The characteristics in the ultra- 
violet absorption show that tanshinone-Il is 
neither a furanophenanthrenequinone, like 
tanshinone-I, nor merely an o-naphthoquinone 
derivative, like cryptotanshinone. 

Of the three oxygen atoms of tanshinone-Il, 
C,0H;;O;, two are attributable to quinone 
carbonyls, while the third must be in an ether 
structure, since tanshinone-II and _ leucotan- 
shinone-II-diacetate show no O-H stretching 
absorption and_ leucotanshinone-II-dimethyl 
ether shows no C=O stretching absorption in 
their infrared spectra. 

The ultraviolet absorption spectrum of the 
semicrystalline solid which was obtained from 
leucotanshinone-II-dimethyl ether (VI) by Se- 
dehydrogenation under a mild condition is 
almost identical with that of leucotanshinone- 
I-dimethyl ether (VII), so it is conceivable 
that tanshinone-II has the same carbon skele- 
ton as tanshinone-I. But this dehydrogenation 
product is not identical with leucotanshinone- 
I-dimethyl ether in its infrared spectrum, and 
it shows two fluorescent spots on paper in 
chromatography, one of which coincides with 
leucotanshinone-I-dimethy! ether. Thus, the 
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dehydrogenation product is a mixture. Tan- 
shinone-II and its derivatives show absorptions 
ascribed to a gemdimethy! group at 1381 and 
1361cm~' in their infrared spectra;  there- 
fore the second fluorescent spot may be due 
to the substance III, which can be produced 
by the migration of one methyl group during 
the Se-dehydrogenation process”. 

On catalytic hydrogenation with Pd-charcoal 
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Infrared Spectrum of the hydrogenated 
tanshinone-II (KBr). 
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7) H. H. Zeiss and F. W. Grant, Jr., J. Am. Chem. Soc., 
79, 1201 (1957); E. Lederer, F. Marx, D. Mercier and G. 
Perot, Helv. Chim. Acta, 29, 1354 (1946). 


in methanol, tanshinone-II absorbs two moles 
of hydrogen and becomes colorless, but this 
colorless substance is readily autoxidized to an 
orange substance. When this hydrogenation 
product is treated with ferric chloride-acetic 
acid solution and the separated ferric chloride- 
complex is decomposed with water, orange 
needles of melting point 187°C are obtained. 
The infrared spectrum of this orange substance 
is identical with that of cryptotanshinone (Fig. 
2). Since tanshinone-I, tanshinone-II, and their 
leuco-derivatives show absorptions characteristic 
of the furan ring? at 3155 and 860cm7™! 
in their infrared spectra, tanshinone-II must 
be represented by structure V. If tanshinone- 
II has structure IV, it must be converted into 
an alkali-soluble substance by cleavage of the 
dihydrofuran ring with alkali in the same 
fashion as cryptotanshinone? and _ §-lapa- 
chone». But tanshinone-II does not undergo 
this transformation, and this fact also supports 
the structure V'. 


Experimental 


All melting points are uncorrected. Infrared 
spectra were obtained with a Hilger H-800 double 
beam spectrophotometer and ultraviolet absorption 
spectra were obtained with Beckman DK-2 spectro- 
photometer. 

Tanshinone-II.—The ether extract of roots of 
Salvia miltorrhiza was fractionated according to the 
method of Takiura, and it gave tanshinone-I (m.p. 
231~232°C), cryptotanshinone (m.p. 191°C), and 
tanshinone-II, (m.p. 211°C). 

Ultraviolet absorption maxima in ethanol, log in 
parentheses : 457 (3.45), 344 (3.23), 268 (4.37), 250 
(4.24) and 223 my (4.31). Infrared absorptions 
(KBr) : 3157, 1701, 1650, 1584, 1539 and 1505cm~'!. 


8) “‘Kagaku no Ryoiki (IR Tokushiu)”’, 3, Nankodo 
(1954), p. 101. 

9) S. C. Hooker, J. Chem. Soc., 61, 611 (1892); 69, 1355 
(1896). 

10) A private communication from K. Takiura told us 
that he had reached the same conclusion as ours by other 
methods. 
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Found: C, 77.58, 77.71; H, 6.000, 6.033. Calcd: 
for CigH;sO3: C, 77.55; H, 6.12%. 
Leucotanshinone - II - diacetate.—One hundred 


milligrams of tanshinone-II was heated for five 
minutes with 0.6 ml. acetic anhydride, 20 mg. fused 
sodium acetate, and 200mg. zinc dust. Following 
removal of the zinc dust, the filtrate was concen- 
trated under reduced pressure in a 
nitrogen. The residue gave purple-fluorescent white 
crystals melting at 174~175°C on recrystallization 
from ethanol. 

Ultraviolet absorption maxima in ethanol: 340 
(4.23), 324 (3.24), 310 (3.08), 285 (3.72), 257 
(shoulder 3.81), 254 (4.81) and 240 my (4.74). 

Found: C, 72.70, 72.40; H, 6.30, 6.27. Calcd. 
for C2;H2,03: C, 72.61; H, 6.36%. 

Leucotanshinone-II-dimethy! Ether.—Tanshinone- 
Ii (100 mg.) was dissolved in 10ml. ethanol, and 
1S ml. of 10%, sodium hydroxide solution was added. 
On boiling gently in the atmosphere of nitrogen, 
the mixture turned pale yellow. 
dimethyl sulfate was dropped gradually into this 
boiling mixture. After cooling, the reaction mixture 
was extracted with ether, and the ether layer was 
washed with 1 N sodium hydroxide, then with water, 
and dried with anhydrous sodium sulfate. A pale 
yellow resinous substance was obtained on evapora- 
tion of the solvent under reduced pressure. This was 
dissolved in hexane and submitted to chromato- 
graphy on a column of alumina. The fraction 
eluted by hexane gave white crystals, m.p. 103~ 
104-C, on recrystallization from ethanol. 

Ultraviolet absorption maxima in ethanol 343 
(3.28), 327 (3.35), 258 (4.95) and 250 my (4.84). 

Infrared spectrum (KBr), 3157, 1635, 1567, 1520 
and 1508 cm 

Found: C, 77.60, 77.86; H, 7.47, 7.40. Calcd. 
for C2;H2203;: C, 77.75; H, 7.46%. 

Dehydrogenation of Leucotanshinone-II-dimethyl 
Ether.—A mixture of 100 mg. leucotanshinone-II- 
dimethyl ether and 100mg. selenium powder was 
heated in a metal bath at 230°C for 24 hr. After 
cooling, the mixture was extracted three times with 
20 ml. ether, and the extracts were combined and 
washed with dilute sodium hydroxide solution and 
then with water. On evaporation of ether after 
drying with anhydrous sodium sulfate, a yellow 
viscous oil was obtained. This oil was dissolved 
in hexane and submitted to chromatography on a 
column of alumina. The fraction eluted by a 


stream of 


Then, 6 ml. of 
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(9: 1)-mixture of hexane and benzene gave a semi- 
crystalline substance, which on crystallization from 
ethanol melted at 131~140°C. 

Ultraviolet absorption maxima in ethanol: 315, 
295 and 272 my. 

Catalytic Hydrogenation of Tanshinone-IlI. 
Tanshinone-II (100 mg.) dissolved in S50ml. of 
methanol was stirred with 100 mg. of 10%, Pd- 
charcoal in the atmosphere of hydrogen at room 
temperature. After absorption of 26 ml. of hydrogen 
the solution became colorless. The catalyst was 
filtered off, and the filtrate was concentrated under 
reduced pressure in a stream of nitrogen. The 
residue was dissolved in 3ml. of acetic acid, and 
then treated with ferric chloride-acetic acid solution. 
Black crystals of ferric chloride-complex were 
separated on the funnel, washed with glacial acetic 
acid, and then dried in a vacuum dessicator. This 
complex was decomposed with water and extracted 
with ether. The ether extract gave an orange solid 
on evaporation. This was recrystallized from 
methanol as orange crystals, m.p. 187°C, the in- 
frared spectra was identical with that of cryptotan- 
shinone (Fig. 2). 

1-Ethoxy-3, 4-diacetoxynaphthalene.—-A mixture 
of 500 mg. 4-ethoxy-3-naphtoquinone, | g. zinc dust, 
6ml. acetic anhydride, and one drop of triethyl- 
amine was boiled for 5 min. The cooled mixture 
was filtered, and the filtrate was evaporated under 
pressure and resulted in a pale yellow 
This was recrystallized from ethanol- 


reduced 
viscous oil. 
water. 

‘White prisms, m.p. 106°C. Ultraviolet maxima 


in ethanol: 323 (3.43) and 295 my (3.83). 


Found: C, 66.72, 66.54; H, 5.64, 5.71. Caled. 
for CisH;,O C, 66.66; H, 5.59%. 

We sincerely acknowledge our debt to Dr. 
M. Ohara and Mr. S. Ohta at the Research 


Laboratory of Fujisawa Pharmaceutical Com- 
pany for providing us with extraction materials 
and for elemental analyses, respectively. 


Chemical Institute 
Faculty of Science, 
Nagoya University 
Chikusa-ku, Nagoya 
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On Lucidusculine. V” 


By Takashi AMIYA 


(Received December 12, 1960) 


Lucidusculine (1) (C.s,H;:;O;N) is a mono- 
acetate, and gives on hydrolysis®’®, a trihydric 
amino alcohol, luciculine (I]) (C22H:;0;N-H2O). 
In contact with Pd-carbon in the presence of 
hydrogen and methanol, compound II iso- 
merized to a ketone base, isoluciculine (III) 
(C.»H3303;N-1/2H2O), m.p. 131~136°C. The 
infrared spectrum of compound III shows a 
band at 1716cm~'! due to a ketone carbony] 
group in a six-membered ring, but lacks the 
bands characteristic of a terminal methylene 
group, corresponding to the bands (1642 and 
907 cm~') of compound II®?. It has already 





log ¢ 
Pes 





Lucidusculine (I) 


e @ Luciculine (II) 
@ @ Isoluciculine (III 
1) The present paper constitutes Part XXXV of the 
series entitled *“‘ The Aconite Alkaloids”’’ by H. Suginome 
and Part XXXIV corresponds to ‘‘On Lucidusculine 
IV’ 
2) A preliminary note partly describing the matter of 


the present paper appeared in this Bulletin 
3) T. Amiya, This Bulletin, 33, 1175 (1960) 


4) T. Amiya, ibid., 32, 421 (1959) 

5) H. Suginome, T. Amiya and T. Shima, ibid., 32, 824 
(1959). 

6) T. Amiya, ibid., 32, 1133 (1959) 

7) T. Amiya, ibid., 33, 644 (1960). 


been shown that a terminal methylene group 
exists in compound II. The ultraviolet ab- 
sorption spectrum of compound III has a maxi- 
mum (Amax 302 my, loge 1.4), indicating the 
presence of a ketone carbonyl group and, there- 
fore, is apparently distinguishable from the 
ultraviolet spectra’? of compounds I and II, 
which show only end absorption (Fig. 1). 
From these considerations regarding the spectra 
it may be reasonably concluded that in this 
isomerization a ketone carbonyl group is newly 
formed with simultaneous disappearance of a 
terminal methylene group. Therefore, this 
reaction seems to proceed similarly to those of 
Shimoburo base I, hypognavine”, kobusine' 
and napellonine'':* as follows: 


CH ’ H 
= CH 
OH P 0 
H 
{I Ill 


5 


Fig. 2 


On the basis of the observation of this process, 
the presence of an allyl alcohol moiety con- 
stituting a six-membered ring may be claimed 
in the structure of compound II as shown in 
Fig. 2. 

A report regarding bromoanhydroluciduscu- 
line hydrobromide (IV) has been published”. 
Recently, it has been found that compound IV 
decomposed spontaneously on _ standing for 
about two years. Hence, a freshly prepared 
sample, m. p. 195°C (decomp.)**, was analyzed 
once more, and found to have composition 
C.;H;;OsNBr.. The infrared spectrum is nearly 
identical with that previously described. The 
detailed data of this compound may be reported 
latter. The determinations of bromine and 


8) T. Sugasawa, Pharm. Bull., 4, 6 (1956). 

9) S. Sakai, ibid., 5, 1 (1957). 

10) T. Okamoto, ibid., 7, 44 (1959 

Il) K. Wiesner, Z. Valenta, J. F. King, R. K. Maudgal, 
L. G. Hamber and S. It6, Chemistry & Industry, 1957, 173 

* It has been shown that napellonine is identica! with 
Shimoburo base I’??. 

12) K. Wiesner, S. I1t6 and Z 
167 (1958). 

The melting point given in the previous paper’ 

should be revised to this 
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Mono-substituted Benzenes 


specific rotation reported in the previous paper”? 
were made by using a sample, freshly prepared 
then, and the ultraviolet absorption spectrum 
was measured with the same material once 
dried at 110°C in vacuo. 


Experimental 


Isoluciculine (I111).—To luciculine (300 mg.) dis- 
solved in 15cc. of methanol, 10% Pd-C (200 mg.) 
was added. The mixture was shaken under H>- 
atmosphere for 2.5hr. The absorption of H:2 pro- 
ceeded rapidly and practically stopped within 15 
min.; in total about 30cc. of H2 was absorbed. 
After elimination of the catalyst the solvent was 
removed, and the residue was crystallized from 
methanol. The substance melted at 131~136°C. 
The ultraviolet absorption spectrum of the base in 
methanol showed Z£max 302myp, loge 1.4 (Fig. 1). 
The infrared absorption spectrum in Nujol had no 
peak attributable to a terminal methylene group but 
showed the presence of hydroxyl groups (3375 cm~') 
and a ketone carbonyl group (1716cm~'). 

Found: C, 71.22; H, 9.33; N, 3.32; H.O, 2.33. 
Caled. for C22H3;0;N-1/2H:0: C, 71.72; H, 9.30; 
N, 3.80; H20, 2.44%. 

Bromoanhydrolucidusculine Hydrobromide (IV). 
—A freshly prepared sample showed m.p. 195°C 


(decomp.). The infrared absorption spectrum in 
Nujol showed the presence of hydroxyl groups 
(3410~3360cm~'!), and acetoxyl group (1724 and 
1235cm~!) and water (1628cm~'). It showed no 
peak attributable to a terminal methylene group. 

Found: C, 45.57, 45.57; H, 5.85, 6.08. Caled. 
for C2sH3;O;NBr: C, 45.92; H, 5.94%. 


Summary 


Luciculine (I1) was isomerized to a ketone 
base, isoluciculine (III), and this fact shows the 
presence of an allyl alcohol system in the 
structure of compound II. The previous report 
concerning bromoanhydrolucidusculine hydro- 
bromide (IV) was in part revised. 


The author wishes to express his sincere 
thanks to Professor Harusada Suginome, Pres- 
ident of Hokkaido University, for his unfail- 
ing kindness in encouraging this work. 


Department of Chemistry 
Faculty of Science 
Hokkaido University 


Out-of-Plane Hydrogen Vibrations of ortho-, meta- and 
para-Deuterated Mono-substituted Benzenes 


By Yuzo KAKIUTI and Jiro OGURA 


(Received December 19, 1960) 


The authors have recently reported a theo- 
retical explanation of the out-of-plane CH 
vibrations of benzene derivatives for both the 
fundamentals and their combination tones 
which appear in the regions of 650 to 1000 cm~! 
and of 1650 to 2000 cm~', respectively’. The 
results of the calculations were in good agree- 
ment with those observed'~*. This enabled 
us to calculate frequencies and absorption 
intensities of the out-of-plane hydrogen vibra- 
tion bands for some deuterium homologs of 
benzene derivatives. 

In the present paper, normal coordinate 
treatments have been made on the out-of-plane 


1) T. Shimanouchi, Y. Kakiuti and I. Gamo, J. Chem. 
Phys., 25, 1245 (1956); Y. Kakiuti, J. Chem. Soc. Japan, Pure 
Chem. Sec. (Nippon Kagaku Zasshi), 77, 1572, 1591 (1956). 

2) Y. Kakiuti, J. Chem. Phys., 25, 777 (1956); J. Chem. 
Soc. Japan, Pure Chem. Sec. (Nippon Kagaku Zasshi), 77, 
1839 (1956). 

3) Y. Kakiuchi, ibid., 80, 28 (1959). 


hydrogen vibrations for ortho-, meta- and para- 
deuterated compounds of mono-substituted 
benzenes. This treatment seems to be applic- 
able for the identification of each molecule as 
well as for the purpose of confirming the 
validity of our earlier theories':”. 


Calculated Frequencies 


The normal coordinate treatment was carried 
out according to the method using G and F 
matrices, as introduced by Wilson”. The pro- 
cedures of the calculations were the same as 
those given in the preceding papers’, except 
for some minor modifications in the form of 
the G matrix. 

Fig. 1 shows the molecular model used, 
where X is a substituent atom or group and 


4) E. B. Wilson, Jr., J. Chem. Phys., 7, 1047 (1939); 9, 76 
(1941). 
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Fig. 1. o-, m- and p-Deuterated mono- 


substituted benzene. 
re} rs} 3 Vays "sts Vey Oe 0 O4 


re) H J K 0 K u 1 “ 


rs H d K 0 u i “ 
'sys H P K u 0 —2n 
'sts H J u H “ 
rere (Symmetric) H u u “ 
0G Pp 0 0 
a QO 0 
F OQ 
Fig. 2. G@ or F matrix 


that is, ortho-, 
molecules are 


H(D) denotes H or D atom; 
meta- and para-deuterated 
designated as 1-X-benzene-2-d -3-d and -4-d, 
respectively. The G and F matrices are ex- 
pressed as shown in Fig. 2, where the mean- 
ings of the notations are as given in the 
preceding papers’; that is, ro is the equilibrium 
length of C-H or D bond, 7; and a; are the 
internal coordinates referring to bending of 
the C;-H; or D; bond and twisting of the C-C 
bond, respectively. 

The approximation according to Crawford, 
Edsall and Wilson‘: has been applied, and 
the first row and column corresponding to the 
low-frequency coordinate of the substituent 
(X), iv: are omitted. As shown in Table I, 
the values of the elements of the G@ matrix 
are nearly the same as those presented in our 
earlier papers, and those of the F matrix 
are exactly the same, because the same force 
constants obtained by the analysis of out-of- 
plane vibrations of benzene and its deuterium 
homologs’? were also applied in this case. 

5) B. L. Crawford, Jr. 

(1939). 

6) Y. Kakiuti and T. Shimanouchi, ibid., 25, 1252 (1956) : 


Y. Kakiuti, J. Chem. Soc. Japan, Pure Chem. Sec 
Kagaku Zasshi), 80, 21 (1959). 


and J. T. Edsall, ibid., 7, 223 


(Nippon 
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TABLE I. ELEMENTS OF G AND F MATRICES 
SHOWN IN Fic. 2 (FORCE CONSTANT IN 


mdyn./A, LENGTH IN A, AND MASS IN amu) 
in @ in F 
H 1.635888 (1.140309) 0.402 
J 0.330622 0.073 
K =0.050292 0 
P=3.998719 0.205 
Q=1.332906 0.193 
u=0.967934 0.106961 
v=0.554978 0.113449 
w=0.320417 0.0655 


replaced by 
parenthesis must 


a) When a hydrogen atom is 
deuterium, the H-value in 
be used (See text). 


Exchanging the H atom for the D affects 
only the value of the corresponding diagonal 
term, H, in the G matrix. When the hydrogen 
atom of the i-th C,-H; bond shown in Fig. 1 
is replaced by deuterium, the A-value in 
parenthesis shown in Table I must be used for 
the diagonal term corresponding to the coor- 
dinate r:7; in the G matrix. 

The secular equation to be solved is expressed 
as 


GF— Ei 0 (1) 


where £ is the unit matrix, 4 is 4z’e’v*, ¢ is 
the light velocity, and v is the wave number. 
In the case of the para-deuterated molecule, 
the secular Eq. 1 is further split due to the 
symmetry of the molecule by using suitable 
symmetry coordinates which are shown in 
Table II, where the s;, s. and a; belong to the 
species A» and the s3, s:, S:, ¢2 and a, to the 
species B». The roots of the secular equation 
of each molecule are shown in Table III and 
illustrated in Fig. 3. The Latin and Greek 
notations denote the fundamentals and binary 
combinations, respectively. 


TABLE II. SYMMETRY COORDINATES USED FOR 
p-DEUTERATED MONO-SUBSTITUTED BENZENE 
Tef2 r373 Vays sj reve 
Si! 1/2 1/2 0 1/2 —1/2 
S» 1/2 1/2 0 1/2 -1/2 
s 1/2 1/2 0 1/2 1/2 
$4 1/2 -1/2 0 1/2 1/2 
5 0 0 1 0 0 
a) For example, s; = (12j rsf3+"s) reve) /2 
Normal Coordinates 
When the relation between the normal 


coordinates and the intensity in infrared absorp- 
tion is discussed, it is necessary to express 
normal coordinates, Q, in terms of Cartesian 
displacement coordinates, Z, as discussed 
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Fig. 3. Illustration of calculated frequencies, absorption intensities, and observed 
absorption spectra®! (See Table III.). 
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TABLE III-A. FUNDAMENTALS OUT-OF-PLANE HYDROGEN VIBRATIONS 
For DC;H,CH; For DC,H,CH;?:'!™ For DC;H;,CH,?:!% 
Freq. calc., cm=! «;*) calcd. Freq. anal. freq. obs. %, absorption 
cm"! cm~! obs. 
o-DC,H4X(C;) 
A''(IR,R) a 634 1.000 631 631 very strong 
b 756 0.621 779 775 75, broad 
c 868 0.000 867 ) 
d 960 0.036 937 
e 1002 0.000 968 
m-DC,;,H,X(Cs3) 
A''(IR,R) a 626 1.000 645 645 very strong 
b 782 0.776 813 806 90, broad 
c 894 0.101 891 894 80 
d 931 0.055 909 ’ 
e 995 0.000 965 
p-DC.eH4X (C2, ) 
B.(IR,R) a 630 1.000 607 607 very strong ) 
b 835 0.551 838 838 80, broad 
c 963 0.007 942 
A.(R) d 837 0 837 
e 984 0 952 
a) Relative values for each molecule. 
TABLE III-B. BINARY COMBINATIONS OF OUT-OF-PLANE HYDROGEN VIBRATIONS 
For DCsH;,CH; For DC.H,CH;?' For DC;H,CH;*:!% 
Freq. calc., cm™! x; ; caled.® freq. anal. freq. obs. %, absorption 
cm! cm~! obs. 
o-DC.H,X (Cs) 
ay 2e 2004 0.534 1936 1930 35 
a, d+e 1962 1.000 1905 1908 40 
fy, c+e 1870 0.359 1835 1842 30 ) 
Be c+d 1828 0.904 1804 1800 40 
y b+d 1716 0.346 1716 1718 30 
6 b+e 1624 0.821 1646 1645 45 
2b = =1512 0.234 1558 
a+c 1502 0.464 1498 
a+b 1390 0.295 1410 
2a = 1268 0.274 1262 
m-DCrH4X (Cs) 
a 2e 1990 0.550 1930 1931 40 
B, d+e 1926 0.462 1874 1875 35 
| c+e_ 1889 0.376 1856 1855 30 
yr c+d 1825 1.000 1800 1800 55 
6; b+d 1713 0.443 1722 1721 40 
6b, b+e 1676 0.270 1704 1705 20 ' 
2b 1564 0.190 1626 
a+e 1520 0.341 1536 | 
a+b 1408 0.155 1458 
Za «(1282 0.286 1290 
p-DCsHsX (Coy) 
a ct+e 1947 1.000 1894 1894 50 
Bi d+e 1821 0.391 1789) 
B. b+e 1819 0.104 1790} ~— - 
Bs b+c 1798 0.261 1780 ~1780 ~30 
y b+d 1672 0.773 1675 1675 45 
a+d 1467 0.418 1444 
a+b 1465 0.107 1445 
2a 1260 0.192 1214 


a) Relative values for each molecule. The combinations whose «;j-values are very small, are 
omitted in this Table. 
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TABLE IV. ELEMENTS OF L-MATRICES*®? (FOR THE UNITS USED, SEE TABLE I) 


o-DCsHyX (Cs) 
A''(IR,R) 
Freq. calcd.” -—- 
cm~! 388 459 6347 756t 802 868+ 960t 1002+ 
Z(C;) 0.0170 —0.1409 —0.0213 0.0974 0.1281 0.0109 0.0070 0.0003 
Z(C2) 0.1064 0.0300 0.1094 0.0011 0.1512 —0.0388  —0.0389 -—0.0059 
Z(C;) 0.1297 0.1409 ~0.0394 0.0237 0.0585 0.0816 0.0828 0.0497 
Z(Cy) 0.0015 —0.1637 0.0074 0.0917 0.0307 0.0543 0.0423 0.0824 
Z(C;) 0.1341 0.0927 0.0406 0.0083 0.1057 —0.0236 0.0577 0.0783 
Z(Ce) 0.1193 0.0538 0.0364 0.1031 0.0684 —0.0891 0.0658 0.0401 
Z(D:2) —0.2555 0.0686 0.5262 —0.2107 0.0929 0.0975 0.0960 0.0202 
Z(H3) 0.2113 0.1834 0.2906 0.2944 0.1451 — 0.4863 0.5369 0.3386 
Z(Hs;) 0.0216 0.2873 0.2727 0.3458 0.2892 -0.4030 0.2517 0.5625 
Z(H;) 0.2421 0.1567 0.1252 0.5482 0.1828 0.2061 0.3963 0.5324 
Z(H) 0.1981 0.0862 0.2481 0.2231 0.3577 0.5449 0.5011 0.2713 
m-DC.HsX (Cz) 
A''(IR,R) 
Freq. calcd. 
cm"! 385 453 626+ 7827 801 894F 931F 995+ 
Z(C;) 0.0096 0.1299 0.0645 ~0.1010 0.1132 0.0001 0.0103 0.0004 
Z(C2) 0.1285 0.0561 0.0374 0.0809 0.0654 0.0952 0.0799 0.0173 
Z(C3) —0.1125 0.0615 0.1256 —0.0033 0.1194 0.0228 0.0624 0.0094 
Z(C3) 0.0288 —0.1682 -0.0276 0.0085 0.0687 0.0610 0.0771 0.0669 
Z(C;) 0.1087 0.1201 0.0080 —0.1112 0.0035 0.0271 0.0057 0.0942 
Z(Cy) —0.1330 0.0254 —0.0398 0.0331 0.1274 —0.0494 0.0641 0.0588 
Z(H2) 0.2091 0.1071 0.2444 0.1774 0.2117 0.6817 0.4862 0.1124 
Z(Ds;) -~0.2699 0.1669 0.4916 — 0.1643 —0.1329 0.0590 0.1757 0.0303 
Z(Hs) C 0306 —0.2789 0.3069 0.3654 0.0646 —0.3919 0.4873 0.4571 
Z(H;) 0.1826 0.2134 0.2508 0.3649 0.4811 —0.1544 0.0112 0.6337 
Z(He) —0.2423 0.0404 0.0966 0.5273 0.2343 0.3822 0.4611 0.4026 
p-DC;H4X (Coy) 
B.(1,RR) A(R) 
Freq. calcd. . : 
cm~! 436 6307 784 835+ 963+ 398 8377 984+ 
Z(C;) — 0.1372 —0.0257 0.1572 0.0468 0.0008 0 0 0 
Z(C2) 0.0361 0.0167 —0.1320 0.0170 0.0546 0.1284 0.0661 0.0659 
Z(C3) 0.1077 —0.0174 0.0590 0.0566 0.0755 —0.1284 0.0661 0.0659 
Z(C4) —0.1221 —0.1417 0.0382 0.1106 0.0417 0 0 0 
Z(C;) 0.1077 —0.0174 0.0590 0.0566 0.0755 0.1284 0.0661 0.0659 
Z(C;) 0.0361 0.0167 0.1320 0.0170 0.0546 —0.1284 0.0661 0.0659 
Z(H:2) 0.0332 0.2321 0.0051 0.5317 0.3553 0.2273 0.4427 0.4431 
Z(H;) 0.1435 0.3088 0.2764 0.1891 0.4893 -0.2273 0.4427 0.4431 
Z(Ds) 0.3459 0.4652 0.1211 0.2237 0.1291 0 0 0 
Z(H;) 0.1435 0.3088 0.2764 0.1891 0.4893 0.2273 0.4427 0.4431 
Z(Hs) 0.0332 0.2321 0.0051 0.5317 0.3553 0.2273 0.4427 0.4431 


a) Z(X) is always zero, because of the approximation used in calculations (See text). 
b) +-Marks denote out-of-plane hydrogen vibrations. The residues are skeletal vibrations, which 
can be expected to be weak in infrared absorption and are omitted in Table III and Fig. 3. 


already in the preceding papers'-». To do this, L=M"'B ;G"'L;° (3) 
the Z matrix must be calculated. It is defined 
as 


where M is the diagonal matrix, the elements 
of which are the masses of atoms associated 
Z=i0 (2) with the Cartesian coordinates. The B, matrix 
relates the internal coordinates, J, to the 


which can also be expressed as : . 
Cartesian coordinates, 

7) B. L. Crawford, Jr. and W.H. Fletcher, J. Chem. J=B;Z (4) 
Phys., 19, 141 (1951); D. A. Long, Proc. Roy. Soc. A217, 203 

(1953). The elements of the B; matrix are the same 
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ASSIGNMENTS OF OUT-OF-PLANE HYDROGEN VIBRATIONS FOR SEVERAL 


p-DC.H4X TYPE MOLECULES (cm~!) 


TABLE V. 
p-DC,H,Br 
Anal. Obs.!) 
b 840 841 s 
. ’ c 940 
Fundamentals d 830 
e 955 
a ct+e_ 1895 1899 
\31 d+e 1785 
Combinations +f. b+e 1795 1783 





Bs b+e 1780 ) 
y b+d_ 1670 1670 


as those given in the preceding papers. The 
L,; matrix relates the internal coordinates to 
the normal coordinates, 


J=L;Q (5) 
and it is obtained when the secular Eq. | is 
solved. 

The calculated reoults of ZL matrices are 


where the normalization 
made by the following 


shown in Table IV, 
ofthe ZL matrix is 
equation 


L'ML=E (6) 


Absorption Intensities 


The in-plane or out-of-plane component of 
the molecular dipole moment, /,, (4, or {42 May 
be expanded in an even or odd power series 
of the normal coordinates as follows, respective- 
ly, neglecting the higher terms: 


tx ft T D> aijQiQ;, 
i,j 

[ty ft >> b:;0:0;, (7) 
ij 

H2=DciQ 


where /#ro and /,. are the constant terms for 
every molecule. When the vibration is 
mechanically harmonic, the integrated absorp- 
tion coefficient of the fundamental band pro- 
duced by Q:— («;) — and that of the combination 
band produced by Q; and Q;—(«i;)— are ex- 
pressed as follows: 


kKi=2/3ce°c;’ 


K h/i\2c? x + (vi + vi5) (aij? +.B: ;7) /vivj7* 


(8) 


respectively, where A is Planck’s constant, and 
vy; or vy is the wave number of the fundamental 
referring to Q; or Q;. Eq. 8 are the same 


The practical value of *&;; in Eq. 8 must be given as 
24 Kijt+k;; (i*J) Corresponding to the two terms, ai;QiQ 
or 6; ;QiQ; and a;;Q;Q; or 6;:;Q;Q; appearing in Eq. 7. 
8) E. B. Wilson, Jr., J. C. Decius and P. C. Cross, 
“Molecular Vibrations’, McGraw-Hill, New York (1955), 
§ 7-9. 


p-DC;H,CHCH: [p-DC;H,CHCH:2], 


Anal. Obs.!) Anal. Obs.!! 
850 856 s 850 852 s 
950 957 w 950 952 w 
850 845 
965 960 
1915 1910 1910 1914 
1815 ) 1805 

9) ) 
1815 ) aed 1810 - 1803 
1800 1806 1800 ? 
1700 1693 1695 1696 


those presented by Wilson et al.©? and in our 
earlier papers”. 

When the formal electric charge associated 
with each atom or atomic group does not 
change by small vibrational displacement, and 
some further assumptions referred to in the 
preceding papers'’? are applied, the coefficients 
of Eq. 7, ai;,bi;, and c; can be shown to have 
simple relationships to the elements of L 
matrices. This enables us to calculate the 
values of «; and «;;. The results of calculations 
as relative values of «; and «;; are shown in 
Table III and illustrated in Fig. 3, where it is 
assumed that all the C-H bond moments are 
equal, and the contribution of the motion of 
the motion of the C-X bond is neglected in 
the total molecular dipole moment*’. 


Comparison with the Experimental Data 


The infrared spectra of ortho-, meta- and 
para-deuterated toluene have been presented 
by Turkevich et al.? and Tiers et al. These 
experimental data are shown in Table III and 
Fig. 3. 

Each molecule shows a strong absorption 
band in the region of 600 to 650 cm which 
can be assigned with certainty to the first 
fundamental band of the out-of-plane hydrogen 
vibrations. The binary combination bands of 
the out-of-plane hydrogen vibrations can be 
readily identified in the region of 1600 to 2000 
cm~'. These bands can be easily assigned by 
comparison with the results of calculations for 
every molecule, as shown in Fig. 3. The 
“analyzed values” of the fundamental and 
combination frequencies are determined so as 
to give the best fit with the above assigned 
*2 The motion of the carbon atom of the C-X bond 
takes place with small amplitude for the vibrations under 
consideration, and the X atom does not move at all 
according to the approximation used in low-frequency 
splitting 

9) J. Turkevich, H. A. McKenzie, I 
Spurr, J. Am. Chem. Soc., 71, 4045 (1949) 
10) G.V.D. Tiers, J. Chem. Phys., 19, 1072 (1951). G.V.D. 
Tiers and J. H. Tiers, ibid., 20, 761 (1952) 


Friedman and R. 
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frequencies of fundamentals and their combi- 
nation bands. As shown in Table III and Fig. 
3, the analyzed frequencies are in good agree- 
ment with the assigned values. 

Recently, Murahashi et al.’ observed the 
spectra of para-deuterated derivatives of bromo- 
benzene, styrene and polystyrene (atactic) in 
the region of 700 to 3000 cm~'. Table V shows 
that our assignments are valid and our theories 


11) S. Murahashi, S. Nozakura and H. Tadokoro, to be 
published shortly. 


Polarographic and Spectrophotometric Studies on Trimethylpyruvic Acid 905 


are applicable also in these cases. 
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Polarographic and Spectrophotometric Studies on Trimethylpyruvic Acid 


By Masanosuke TAKAGI 


(Received December 20, 1960) 


Recent studies on pH-dependence of the 
limiting current of a-keto acids” have revealed 
that the theory given by Brdicka et al.°~* for 
pyruvic acid and phenylglyoxylic acid, based 
on the kinetic character of the current due to 
the recombination of the dissociated acid anion 
with proton, does not fully explain the be- 
havior of a-keto acids, including the above 
two acids. In order to interpret the decrease 
of the limiting current with decreasing pH in 
acid media, the roles of hydration of the keto 
form and also enolization in some cases have 
been suggested, compared with the spectro- 
photometric measurements”. However, the 
contributions of these factors to the limiting 
current are in most cases difficult to analyze 
separately, consequently the interpretation of 
the phenomenon has remained qualitative. 

Although the polarographic and_ spectro- 
photometric behavior of trimethylpyruvic acid 
has already been briefly described with other 
a-keto acids, more detailed investigations on 
this acid seem to be interesting, since the acid 
has at least no possibility of enolization and 
would be therefore expected to give some 
quantitative knowledge concerning the relation 
between the polarographic behavior and the 
spectrophotometric. 


Experimental 


Materials.—Trimethylpyruvic acid was prepared 
according to Richard® by oxidizing pinacolone with 


1) S. Ono, M. Takagi and T. Wasa, Collection Czechosloy 
Chem. Communs., 26, 141 (1961) 

2) R. Brdicka and K. Wiesner, ibid., 12, 39 (1947) 

3) R. Brdicka, ibid., 12, 212 (1947). 

4) J. Koutecky and R. Brdicka, ibid., 12, 337 (1947) 

5) A. Richard, Ann. chim. (Paris), [8], 21, 360 (1910) 


alkaline potassium permanganate. B.p. 75°C at 
10mmHg. Freshly prepared trimethylpyruvic acid 
was dissolved into distilled water to be 5x10°'M 
aqueous solution, which was used as stock solution 
for polarographic measurements. 

Buffer Solutions.—Mcllvain’s buffer for pH 2.2 
to 8.0 and Walpole’s buffer for pH 0.65 to 5.20 
were used. For pH below 1, hydrochloric acid or 
sulfuric acid solutions of various concentrations 
were used. 

Apparatus and Procedure.—A Heyrovsky-Shikata 
type polarograph was with a Yanagimoto 
Galvarecorder. The characteristics of the capillary 
used were m=2.45 mg./sec., f=2.92sec. at the 
applied potential of —1.40 (vs. N.C.E.) in a buffer 
solution of pH 4.35, when the height of mercury 
reservoir was 60cm. A normal calomel electrode 
was used as an outer reference electrode. The 
reference electrode was connected with the electrolytic 
cell by an agar bridge saturated with potassium 
nitrate, which was attached to the cell through 
sintered glass. The total cell resistance was any 
time less than 500o0hm. The dissolved oxygen in 
electrolytic solution was removed by _ bubbling 
nitrogen gas. The concentration of trimethylpyruvic 
acid in final electrolytic solutions was 5x10-4M 
and the ionic strength was adjusted to be 0.5 by 
adding sodium chloride, except for the strong acid 
range. Polarograms were taken at 25+0.05-C. No 
maximum suppressor was used throughout the 
experiments. For spectrophotometric measurements, 
Shimadzu Type QB-S50 spectrophotometer with a 1.0 
cm. quartz cell was employed. Temperature control 
was made within +0.05°C by circulating water of 
constant temperatures through the jacket attached 
to the cell. pH Measurements for the electrolytic 
solutions and also for the determination of pK 
value of trimethylpyruvic acid were carried out 
with Horiba Model-P pH meter with a glass elec- 
trode. 

In order to determine 


used 


the hydration constant of 
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Polarograms of trimethylpyruvic acid in various pH’s, 


Conen.: 5x10-4mM, Temp.: 25°C, Ionic strength: 0.5. 


undissociated state, the 
following kinetic measurments were carried out: 
about 0.3ml. of 0.25M_ trimethylpyruvic acid 
aqueous solution containing 1N hydrochloric acid, 
which had been kept at 25°C, was rapidly mixed 
with about 2.7 ml. of MclIlvain’s buffer of pH 8, 
which had been taken in the spectrophotometric 
cell and also kept at 25°C. The change of the 
optical density at 310my was tollowed with time. 


trimethylpyruvic acid in 


Results and Discussion 


Polarograms of trimethylpyruvic acid in 
various pH’s are presented in Fig. 1. From 
Fig. 1 it can be seen that the limiting current 
of trimethylpyruvic acid has a minimum value 
in a rather acid pH as it has been known 
with other a-keto acids’. The decrease of the 


current with increasing pH in pH above 3, 
coincides with the observation by Clair and 
Wiesner” and can be attributed to the decrease 


of the rate of recombination of the dissociated 
acid anion with proton. Since trimethylpyruvic 
acid has no possibility of enolization, the 
decrease of the current in acid pH has been 
accounted for by the hydration of carbonyl 
group in undissociated state. The hydration 
of carbonyl group is also considered from the 
absorption spectra as shown in Fig. 2. The 
fact that the optical density at 310my due to 
C-O group, in 1.8N_ hydrochloric acid, is 
smaller than those in alcohol or in acetate 
buffer of pH 5.09, can be interpreted by the 
formation of the hydrated form as 


COOH COOH 

_ OH 
C-O H:.0 2 Con 
C(CH,), C(CH;); 
(AH) (AHag) 


6) E. G. Clair and K. Wiesner, Nature, 165, 202 (1950). 
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Wavelength 2, mz 
Fig. 2. Absorption spectra of trimethyl- 
pyruvic acid. Concn.: 0.025mM, Temp. : 
25°C, 1 in alcohol, 2 in acetate buffer of 
pH 5.09, 3 in 1.8 N HCI aqueous solution. 


Utilizing the difference in optical density at 
310 mv of the two states, the dissociated and 
undissociated, the apparent dissociation con- 
stant of trimethylpyruvic acid can be deter- 
mined by measuring the change in optical 
density with pH as shown in Fig. 3. pH 
was changed by adding sodium acetate or 
hydrochloric acid and the concentration of 
trimethylpyruvic acid was kept constant. The 
pK, value has been found to be 1.52 at 25°C 
at the ionic strength of 0.04, which is in 
agreement with the value of 1.47 cited in 
“International Critical Tables” but which 
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Fig. 3. Change of the optical density of 


trimethylpyruvic acid. At 310my with 
pH. Concn.: 0.025m, Temp.: 25°C. 
pH was changed by adding either HCI or 
sodium acetate. 


considerably differs from the value of 2.3 used 
by Clair and Wiesner”. 

From the above change in optical density 
with pH and also from the observation that 
the optical density in undissociated state changed 
with temperature, while that in the dissociated 
remained cox.stant, it has been assumed that 
trimethylpyruvic acid is appreciably hydrated 
in undissociated state, while its anion (A~) is 
almost free from the hydration. This assump- 
tion may be allowed, referred to the same 
kind of property of phenylglyoxylic acid, for 
which the same assumption was deduced, com- 
paring the ultraviolet absorption areas of the 
free acid anion with those of benzoic acid and 
cinnamic acid». As in the present experiments, 
molecular extinction coefficients of AH and A~ 
can not be taken to be equal as in the case 
of phenylglyoxylic acid, the direct comparison 
of the optical densities between the dissociated 
and undissociated states has little significance 
for obtaining the quantitative knowledge on 
the hydration in undissociated state. A more 
direct attempt was therefore made kinetically, 
under the assumption that, when the undis- 
sociated acid, which exists in an equilibrium 
between AH and AHgg, is mixed with a suf- 
ficiently larger volume of basic buffer solution, 
the dissociation of the acid occurs instantly to 
attain its equilibrium, while the dehydration 
reaction of the hydrated anion (A~a,) takes 
place so slowly that it can be followed photo- 
metrically as the change of the optical density 
at 310mvz. An example of the experimental 
results is presented in Figs. 4 and 5. Since 
the dehydration is a first order reaction, the 
hydration constant of #he undissociated acid 
can be obtained as 
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Fig. 4. Measurement of the rate of de- 
hydration of hydrated trimethylpyruvate 
in pH about 5. 
Change of the optical density at 310m, 
was followed with time. The optical 
density at zero time (£,) was obtained 
by extrapolation of the log plot of 
Fig. 5. 
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Fig. 5. Log plot of (E.—E;:) of Fig. 4 
against time. 
Ky = [AHagq] / [AH] = (E.. — Ey) /E (1) 


where E. and E, are the optical densities of 
the anion at the reaction times, ¢ and 0, 
respectively, the latter of which can be obtained 
from the extrapolation of the log plot in Fig. 
5. The average hydration constant from three 
runs was 0.46 at 25°C. From the same log 
plot the average rate constant of dehydration 
in pH about 5 at 25°C has been obtained to 
be 2.810~*sec~’. The hydration constants 
of different temperatures were calculated from 
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TABLE I. 
OPTICAL 
OF TRIMETHYLPYRUVIC ACID IN 1 N HYDRO- 


TEMPERATURE DEPENDENCE OF THE 
DENSITY AND HYDRATION CONSTANT 


CHLORIC ACID AQUEOUS SOLUTIONS 


Temp.,. °C Eat 310myz Ky = (E*—E)/E 
13.0 0.467 0.814 
19.5 0.530 0.598 
25.0 0.580 0.460 
31.3 0.630 0°344 
37.0 0.670 0.264 


Concn. of trimethylpyruvic acid: 0.0274M. 

E* —0.847 is the value corresponding to the 
optical density when no hydration occurs, which 
was evaluated from E at 25-C with the cor- 
responding K;, 0.460 as obtained above. 


co 
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Fig. 6. Log plot of the hydration constant 


of trimethylpyruvic acid against recipro- 
cal absolute temperature. 


the corresponding optical densities versus the 
above obtained value at 25°C (Table 1). The 
log plot of these constants against the recipro- 
cal absolute temperatures gives a straight line, 
from whose slope the heat of hydration has 
been obtained to be —8.2 kcal. (Fig. 6). 

The pH-dependence of the polarographic 
limiting current of trimethylpyruvic acid can 
be considered with the following scheme 

K ka 


Min Tat A = A 
kr 


(Electroactive) 
| 
Electrode reaction 


Reduced form 


where ka and k, are the rate constants of 
dissociation and recombination of AH, respec- 
tively, and AH is only the electroactive form 
for the reduction at the dropping mercury 
electrode. Av~aq and also the transformation 
between AHaq and A~ via Avaq are neglected, 
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the equilibrium between A™~ and Avagq 
has been known to be much shifted toward 
A~ from the above experimental results and 
consequently the concentration of Av~aq in 
equilibrium is negligible in any pH. 

Under the assumption that the rate of de- 
hydration from AHaq is so slow that it causes 
no kinetic current, while the recombination of 
A~ with proton causes the kinetic current, 
the equation for the limiting current of tri- 
methylpyruvic acid as a function of hydrogen 
ion concentration can be derived as follows. 

Writing the apparent dissociation constant 
K, in the form 


K.,= [A7~] [H*]/({AH] + [AHag] ) (2) 
the dissociation constant for free acid Ky can 
be expressed as 


since 


Ky) =ka/kr= [A~] [H*]/[AH] =Ka(Kn +1) 
(3) 
As the analytical concentration of the acid [a] 
is 
[a] = [AH] + [AHaq]l + [Aq] (4) 


to a first approximation, the limiting current 
can be written as being proportional to the 
concentration of AH at the electrode surface, 
which is supplied by diffusion from AH in 
bulk or by the recombination reaction of A7~ 
with proton, involving the kinetic current, for 
which Koutecky’s equation? can be valid. 
The limiting current is then prexessed as 

. [AH]... [A-]. 0.87[H*] (Art/Ko)}/? 

tal fa) “140.87 (H+) (ket/Ko)!/? 


(5) 
where ig is the diffusion current corresponding 
to [a] and ¢ is the drop time. 

Substituting relations 1 to 4 into Eq. 5 and 
rearranging the resulting equation, the follow- 
ing equation for the limiting current as a 
function of [H*] can be obtained. 

ia {H*] ( 1 
K+ {H*!] \&:+1 

0.87Ka [Krt/Ka(Kn+1)]'/” ) (6) 
1+0.87(H*] [Art/Ka( Kn +1)] '/ 


The use of this equation may be allowed for 
the limited case where the diffusion current 
due to AH in bulk is not appreciable as far as 
the recombination reaction of A~ with proton 
causes the kinetic current and when the recom- 
bination reaction is no longer the rate-deter- 
mining, the limiting current is the diffusion 
current due to AH corresponding to the con- 
centration [A~]-+ [AH]. 

In Fig. 7 the pH-dependence of the limiting 
current of trimethylpyruvic acid is presented. 
The theoretical curve was drawn according to 


q- 
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Eq. 6, substituting, as Ka, Kn and t, the above 
experimentally obtained values into the equa- 
tion and choosing other values i.e. kr and ig 
so as to fit the curve to the experimental points. 
The agreement of the theoretical curve with 
the experimental results is good except for the 
strong acid range, where the deviation of the 
experimental results from the theoretical may 
be qualitatively interpreted by the acid catalyzed 
dehydration of AHaq, whose contribution is 
not considered in the equation. The experi- 
mental conditions as ionic strength, viscosity 
etc. in this range, can not be the same because 
of increasing acid concentration and moreover 
the measurements of the limiting current may 
have considerable error because of the deforma- 
tion of the wave; consequently, no further 
analysis was attempted. 











pH 


Fig. 7. pH-Dependence of the limiting cur- 
rent of trimethylpyruvic acid. Concn.: 
5x10-4m, Temp.: 25°C, ionic strength: 
0.5. Solid line represents the theoretical 
curve according to Eq. 6. experimental 
points. 


The rate constants of dissociation and re- 
combination of trimethylpyruvic acid obtained 
from the above treatment are k,;=1.4x10' 1. 
mol~'! sec™! and kag=6.0 x 10° sec~', respectively. 
Although considerably larger values were 
obtained than those by Clair and Wiesner, k, 
is still small, compared with those for other 
acids. Since k, should not be very different of 
usual acids, for which 10'°~10'' 1. mol~! sec™! 
have been reported by different authors with 
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different methods’-” of determination, indicat- 
ing the diffusion velocity of hydronium ion, 
this relatively small value of k, of trimethyl- 
pyruvic acid may partly attributed to the steric 
factor of the methyl groups against the re- 
combination reaction. This kind of steric 
factor may be excluded in the case of pyruvic 
acid, for which larger values of k, than that 
of trimethylpyruvic acid have been known". 

As for pyruvic acid, Becker and Strehlow'” 
have recently reported the revised values of 
k, and ka by using their equation, involving 
the contribution of hydration and the hydra- 
tion constant estimated on the basis of their 
spectrophotometric measurements. However, as 
it was pointed out in the previous paper”, 
pyruvic acid is not free from the possibility 
of enolization. The spectrophotometric be- 
havior of pyruvic acid differs from that of 
trimethylpyruvic acid, especially in alcoholic 
solution; the optical density of pyruvic acid 
in alcohol at the wave length of the maximum 
absorption is considerably lower than that of 
pyruvate in buffer solution (pH 6), while the 
reverse tendency is seen with trimethylpyruvic 
acid as in Fig. 2. Also the fact that pK, value 
of pyruvic acid (2.50) is larger than that of 
trimethylpyruvic acid, is difficult to understand 
only with the difference in the hydration and 
the steric hindrance, when considered with the 
reverse order of pK values between acetic acid 
and trimethylacetic acid, though such an inter- 
pretation was attempted in the previous paper. 
As far as the question whether the enolization 
participates in the polarographic and spectro- 
photometric behavior of pyruvic acid, remains 
unsolved, the present results on  trimethyl- 
pyruvic acid may be said to be more significant 
for the quantitative approach in the studies 
of this kind. 


Summary 


spectrophotometric be- 
acid has been 


Polarographic and 
havior of trimethylpyruvic 
investigated. 

The limiting current of trimethylpyruvic acid 
shows a minimum value in pH about 0.5. 
The absorption spectra show the absorption 
maximum at about 310 mv in aqueous solutions, 
indicating the decrease of the optical density 
in strongly acid pH. These facts have been 
accounted for by the hydration of carbonyl 
group of undissociated acid. 


7) M. Eigen, Z. physik. Chem. N. F., 1, 176 (1954). 

8) M. Eigen and J. Schoen, ibid., 3, 126 (1955). 

9) A. Weller, ibid., 3, 238 (1955). 

10) R. Brdicka, Collection Czechoslov. Chem. Communs., 
19, 41 (1954). 

11) M. Becker and H. Strehlow, Z. Elektrochem., 64, 129 
(1960). 
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pK, for apparent dissociation constant of below 0.5, where acid catalyzed dehydration 
trimethylpyruvic acid has been spectrophoto- of hydrated acid should be taken into considera- 
metrically obtained to be 1.52 at 25°C. tion. 
Hydration constant of the undissociated acid Rate constants of the dissociation and re- 


(Ky, = [AHa,]/[AH]) has been kinetically ob- 
tained to be 0.46 at 25°C. The rate constant 
of dehydration of hydrated trimethylpyruvate 
in buffer solution of pH about 5 was 2.8 x 10 
sec~' at 25°C. From the temperature dependence 
of the hydration constant, the heat of hydration 
of unhydrated acid has been found to be 

8.2 kcal. 

A quantitative interpretation of the pH- 
dependence of the limiting current has been 
attempted by deriving the equation, involving 
the hydration and dissociation factors. The 
agreement of the theoretical curve with the 
experimental is good, except for the pH range 


combination of trimethylpyruvic acid have been 
found to be ky=6.0 x 10° sec! and k,=1.4 x 10’ 
1. mol~'sec~', respectively. 
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Electron Paramagnetic Resonance Study of Diphenyl 
Nitric Oxide in Single Crystals* 


By Yasuo DEGUCHI 


(Received December 27, 1960) 


The study of organic free radicals by electron 
paramagnetic resonance has been developed 
during the last several years. Most of these 
studies were done in liquid states». However, 
Kittel et al., Weissman et al., Cohen and 
Kikuchi, Gordy et al.», McConnel et al. 
and Whiffen et al., reported the study of 
organic free radicals in solid state. 

Cohen and Kikuchi? measured the angular 
variation of g-value and half-power width of 
single crystals of pure diphenylpicrylhydrazy]. 
Weissman et al., observed the maximum hyper- 
fine splitting of crystals of peroxylamine 


* 


This work was supporied by the U.S. Air Force 
through the Air Force Office of Scientific Research of the 
Air Research and Development Command under contract. 
Reproduction in whole or in part is permitted for any 
purpose of the U. S. Government. 
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tron Spin Resonance ’’, Academic Press (1958), p. 168. 

2) A. N. Holden, C. Kittel, F. R. Merritt and W. A 
Yager, Phys. Rev., 77, 147 (1950). 

3) S. I. Weissman and D. Banfill, J. Am. Chem. Soc., 
75, 2534 (1953). 


4) C. Kikuchi and V. W. Cohen, Phys. Rev., 93, 394 
(1954). 

5) A. Roggen, L. Roggen and W. Gordy, ibid., 105, 5 
(1957). 

6) H. M. McConnel, C. Heller, T. Cole and R. S 
Fessencen, J. Am. Chem. Soc., $2, 766 (1960). 


7) N. M. Atherton and D. H. Whiffen, Mol. Phys., 3, | 
(1960). 


disulfonate ion ((SO;),.NO*~) diluted with 
K.(SO;) NOH. 

We investigated the angular variation of the 
line width and the hyperfine splitting in EPR 
spectra of single crystals of pure diphenyl 
nitric oxide and of the ones diluted with 


benzophenone which is diamagnetic. 
Preparation of the Single Crystals 


Following the method of Wieland and Roth», 
we synthesized diphenyl nitric oxide. From 
saturated ether solutions of diphenyl nitric 
oxide, we obtained single crystals of pure 
diphenyl nitric oxide as large as 6 x 1.5 0.5mm. 

In order to make magnetically diluted single 
crystals, the saturated ether solutions with 
various mixing ratios of diphenyl nitric oxide 
to benzophenone were made. The concentra- 
tion** of mixed crystals were pure, 4.4, 3.3, 
2.9, 1.9, 0.84, 0.51, 0.41, 0.35, 0.1, 0.01, 0.001 and 
0.0005 mol./l., most of which crystallized in 
prismatic form. The largest crystal thus 
obtained was 8x4x3 mm. 


8) H. Wieland and K. Roth, Ber., 53, 216 (1920). 
These concentrations were calculated from the 
values of weight mixing ratio regarding benzophenone as 


solvent 
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Fig. 1. The variation of half-widths and hyperfine splitting with changing concentrations. 


The left hand-side region of the broken 


line is the single line region and the right- 


hand-side region is the hyperfine splitting region. In the right hand-side region of the 
wavy line, the concentration scale is taken arbitrarily. 


Experimental 


The EPR spectrometer employed in this work 
was constructed by Professor J. Townsend, Washing- 
ton University, St. Louis. The details of this 
spectrometer will be described elsewhere. 

The crystal s.ructure of diphenyl nitric oxide has 
not been determined yet, but the crystal structure 
of benzophenone has been investigated by Banrajee 
and Haque. According to their result, it is 
orthorhombic with a=10.30A, b=12.11A and c 
8.04A. Its unit cell contains 4 molecules and its 
space group belongs to D*:—P2,2,2,. But, as Lonsdale 
pointed out! the above crystal symmetry descrip- 
tion is not the definite one but the possible one 
guessed from the static magnetic susceptibility 
measurement results. 

As each single crystal forms with a broad face 
and a long edge, an axis normal to the broad face 
was designated as the c-axis, the one parallel to 
the long edge, a-axis, and the one perpendicular to 
both a and c, the b-axis. To rotate the crystal 
about these mutually perpendicular axes in the 
cavity, the crystal was mounted at the end of a 
quartz rod with oil clay. 

In each measurement one of these axes was set 
parallel to the applied static magnetic field. Then 
we obtained the absorption spectra at every 15 
degrees of rotation from 0 to 180°, The g-value 
was determined comparing the spectra thus obtained 
with the one of peroxylamine disulfonate in dilute 
aqueous solution. The g-value and separation 
between the outside lines and the center line of the 
peroxylamine disulfonate were well confirmed by 
Weissman et al.' as g=2.0054 and the separation 
is 13 gauss. 


9) K. Banrajee and A. Haque, Indian J. Phys., 12, 87 
(1938). 

10) K. Lonsdale, Proc. Roy. Soc., A171, 562 (1939). 

11) G. E. Pake, J. Townsend and S. I. Weissman, Phys 
Rev., 85, 682 (1952). 


The concentration of mixed crystal was deter- 
mined by comparing the optical absorption inten- 
sities of the cyclohexane solutions of mixed crystals 
in various mixing ratios with those of solutions 
containing a known amount of pure dipheny] nitric 
oxide which show the absorption peaks at 3680 and 
3030A respectively. 


Results and Discussion 


The relation between half-width of the 
absorption line and the concentration is shown 
in Fig. 1 where JHi/. is the width between 
the steepest deflection points of the resonance 
absorption line and is measured at the orienta- 
tion of crystal with respect to the static 
magnetic field; that is, the long axis a is 
perpendicular and the c-axis is parallel to the 
static magnetic field. 

But the attempt to maintain the same orienta- 
tion of the crystals at all concentrations may 
not have been successful because of the un- 
certainty over the structure of the concentrated 
crystals. When the mixing ratio of diphenyl 
nitric oxide to benzophenone becomes less 
than 0.1, the spectra no longer show a single 
line, but instead show hyperfine structures due 
to the interaction of the unpaired electron 
with the nuclear moment of nitrogen ('*N). 
In Fig. 1, within the single line region where 
the exchange narrowing effect is dominant, 
the more the content of benzophenone in- 
creases i.e. the less the mixing ratio becomes, 
the wider the line becomes. 

After passing over the single line region, the 
hyperfine lines are not well resolved but overlap 
each other. This overlapping structure, how- 
ever, turns out to be well resolved by decreasing 
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the mixing ratio ((C;H;)».NO)/((CsHs)2CO). 
Finally well-resolved hyperfine lines can be 
obtained. And the half-width of each com- 
ponent line does not change by varying the 
mixing ratio. 

In the concentration region where the hyper- 
fine lines appear, not only three but also four 
or five lines appear at certain rotation angles 


as shown in Fig. 2. 


en S\ f\ pl 


— 
13 


ene 
H 


Fig. 2. The spectrum of the intermediate con- 
centration region where four or five lines 
appear. The concentration of crystal is 
0.1 mol./I. 


The remarkable feature of the extra lines is 
that they never appear symmetrically with 
respect to the three main lines and _ their 
relative intenstities compared with the main 
lines are one third or one fourth and they do 
not change with varying concentrations of 
crystal. 

The analysis of the spectrum in terms of the 
hyperfine interaction Hamiltonian 


H=al-S+b S,l,(1—3.os? 0) 
3 
5 (Sh S,1.)sin @ cos de~ '? 
3 


(S_I,- S,I_) sin @ cos de’? 


te 


reveals that the weak lines which accompany 
simultaneous electron and nuclear spins transi- 
tions should be about 4% of the strong allowed 
lines. So this is not the case. 

Another possible explanation for the appear- 
ance of extra lines may be as follows. 

In the very concentrated region where the 
strong exchange interaction is dominant, the 
crystal structure of single crystals will be 
exclusively the one of diphenyl nitric oxide. 
On the other hand, the crystal structure of the 
very diluted single crystals will be the one of 
benzophenone. But in the intermediate con- 
centration region, diphenyl nitric oxide and 
benzophenone may not be completely miscible. 
Then the crystals will no longer be perfect but 
rather contain misoriented crystallites in them. 
Thus these misoriented crystallites will show 
those extra lines in spectra. 

In case of 0.0005 mol./l. mixed crysal, there 
appear three lines at certain rotation angles 
but still they do not show any hyperfine lines 
because of the protons adjacent to the ring 
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carbon atoms. On the other hand well-resolved 
proton hyperfine splittings are obtained in 
oxygen-free solutions with low viscosity’. 

The higher the viscosity of the solutions are 
raised, the broader the proton hyperfine lines 
become and finally all proton hyperfine lines 
are broadened out and only three broad lines 
due to the nitrogen nuclear moment hyperfine 
interaction remain. 

Thus we could not expect well-resolved 
proton hyperfine lines in diluted crystals. 

Exchange Narrowing Effect in the Concen- 
trated Crystals.— Many authors’*~' have 
studied the theory of the line shape in the 
magnetic resonance. Kubo and Tomita'» have 
developed the general theory of the line shape 
rigorously based on the quantum mechanics. 
Yokota and Koide' applied their theory to 
the absorption spectra of paramagnetic inorganic 
crystals, and Kivelson*’:? extended it to the 
calculation of the line shape of organic free 
radicals. 

In this paper we shall follow Kivelson’s 
calculation.’> According to his calculations, 
in case of strong exchange JA’ where J and 
A are defined below, the frequency of the 
resonance line is equal to 


@—A4 


where 


w=\7+4 1) —d7 sin’? 8 cos*7 Bo 


wo/ We 
4=f,'-' as) [ exp(u’/2)du 
0 


4: non-secular shift due to the electron and 
nuclear spin interaction 
By: static magnetic field 


7: gyromagnetic ratio tensor i.e. (1 3)Tr 


4y= 7s 2 (7r+7s) )where pt, S: X,Y,Z 
coordinates in the 


or (r¥>—7r) } molecule fixed frame 
/ +p ‘Tr 


3: the angle between the molecular s-axis 
and the crystal b-axis 

7: the angle of rotation about the molecular 

S-axis 


12) Y. Deguchi, to be published; Y. Deguchi, J. Chem. 
Phys., 32, 1584 (1960). 

13) M.H. L. Pryce, Nature, 162, 538 (1948). 

14) J. H. Van Vieck, Phys, Rev., 74, 1168 (1948). 

15) N. Bloembergent, E. M. Purcell and R. V. Pound, 
ibid., 73, 679 (1948). 

16) M. Yokota and S. Koide, J. Phys. Soc. Japan, 9, 953 
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17) P. W. Anderson and P. R. Weisse, Rev. Mod. Phys., 
25, 269 (1953). 

18) P. W. Anderson, J. Phys. Soc. Japan, 9, 316 (1954). 
19) R. Kubo and K. Tomita, ibid., 9, 884 (1954). 

20) D. Kivelson, J. Chem. Phys., 27, 1087 (1957). 

21) D. Kivelson, ibid., 33, 1094 (1960). 
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a: the angle of rotation about the crystal 
b-axis 
we” = (2/3) S(S+1)J?, J: exchange integral 
A, (DP? —a,)°+4| 0% (see Appendix) 
And the total line width 27 is equal to 
the sum of the secular line width 27,’ and 


the non-secular line width 27,’ 
27. '=27. 27; 


where 


2(38(S +1) ) 3? I 
| (D\/ a,) 


T,’-' CS) Sinil,dat+l) 


4) 02 |°| 


T;'~'(US) Smih(h+1) 


2(3S(S+1)] °° I 3 


(5% a.) 2| Oc 


x exp(—w’/2a.") 


4\ 0% | 


For the extreme exchange case which is 
analogous to the extreme motional narrowing, 
(J?>7°Bo° >A*) 


“me + ____ eds, £0) 
TUS) = 9 35s ern 
Dp a,D' + 2a,’° +6| 0%? 4| Ot") |? 


In organic free radicals, we can assume 
o7y=0 
ca=d,=0 
Then for the strong exchange case 
4r 
3 


(J*>A*) 
(3 cos? 8—1)—J4 


~ Sn.h(ia+1) 


TUS) = 4 35 ¢5 +1) 2I% 


xj [(3 cos & —1)(b,°/4—bja,) + bi°/2+a; 


i o 1 
(1—3 cos° By B »a:b:) 


| » 
b,?/2+a,° (exp(— ao’ /2m¢*) 


and for the extreme exchange case 


= Singh, 1) 


TUS) = 53515 +1] 25% 


, l 1 
X| (3 cos’ D5 b bax) + ba? +2a, 


In case of diphenyl nitric oxide, we have three 
different equivalent groups of nuclei, that is, 
one nitrogen, six protons at para- and ortho- 
positions and four protons at meta-positions in 
two benzene rings. 


As shown in the Appendix, we obtain the 
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following isotropic and anisotropic hyperfine 
splitting factors, that is, 
Nitrogen isotropic hyperfine splitting factor 


ay 9.5 gauss 
Nitrogen anisotropic hyperfine splitting factor 
bx 13.92 gauss 


Para- and 


factor 


ortho-proton isotropic splitting 


Ap,o 1.96 gauss 


Para- and ortho-proton 
factor 


anisotropic splitting 


By.0 1.564 gauss 
Meta-proton isotropic splitting factor 

a; 0.98 gauss 
hyperfine splitting 


Meta-proton anisotropic 


factor 
bm 0.782 gauss 
and the total electron spin S= 1/2. 
Then 
T.- (1S) = =| 2/(3 cos? 8—1)(+b3—+0 
(IS) 37 “I 3 cos ) 8 N > Nan 
bx 2aX! 
9 | —" l 
7 | (3 00s 8 (5% 35 a, ) 
. . 
b 2a; > 


At §=0°, JHi;;. at the maximum slope is 
equal to 2.3 gauss from the measurement. Then 
assuming the Gaussian line shape for the 


spectra, we have 
J = 284.96 gauss (0.0262 cm~') 


that is, if we consider J as an adjustable 
parameter’? and choose the above value for J, 
a good agreement with the experiment will be 
obtained. 

This exchange 
times smaller than the 
ganic paramagnetic salts 

The angular variations of g-value and half- 
width are shown in Figs. 3 and 4. 

As mentioned before, things are rather com- 


about ten 
inor- 


integral value is 
one obtained in 


plicated in the intermediate concentration 
region. 
According to Kubo and Tomita’s theory’? 


EPR spectra in this region should show a 
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Rotation angle, degree 


Fig. 3. The angular variation of g-values rotated 
around the a-axis for the pure crystal. 
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Fig. 4. The angular variation of half-widths 


rotated around the a-axis for the pure crystal. 


microwave frequency dependence. Unfortunate- 
ly, the apparatus we employed is a fixed micro- 
wave frequency one. Thus we shall not discuss 
it here. 

The Weak Exchange Interaction Case in 
Single Crystals Diluted with Benzophenone.— 
As stated at the beginning of this section, the 
hyperfine spectra consist of the three broad 
but well-separated lines at a certain orientation 
of crystal. Since the exchange interaction in 
diluted crystals is reduced to small magnitude, 
the main contribution to the line broadening 
comes from the magnetic dipolar interaction 
due to an electron spin and protons in mole- 
cules in the crystal. 

As shown in Appendix, the resonance} frequ- 
ency is given as follows: 


y+ S) Geos? 6-1) By+ SAsM; BED, 
where 
Aj ay aa 3 cos’) 
+353 sin’ 8 cos? 8 
K=J’gy.| SS Ai(M;—M,;,')| 7? 
NJ BS sy ; 
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gu —UW(n,, Mi, 1,)(2h,+1D-"* 


Using the above formula, we can obtain the 
expression for the separation between the 
center line and the outside one, i.e. 


4Har= 4H. = Ax 


where K term is neglected, since it is actually 
a very small quantity. Comparing with the 
experimental results. 


— (ax +byx) =23.42 (gauss) at S=0° 
ax + by/2=2.54 (gauss) at §=90° 
Then one obtains 
ax 9.5 gauss (isotropic splitting coeff.) 


by 13.92 gauss (anisotropic splitting coeff.) 


0 15 30 45 60 75 9 105 120 135 150 165 a0 
» Rotation angle, degree 


variation of g-values 
for the 0.0005 


Fig. 5. The angular 
rotated around the a-axis 
mol./l. crystal. 


Gauss 


> 








Rotation angle, degree 


Fig. 6. The angular variation of the hyper- 
fine splittings rotated around the a-axis 
for the 0.0005 mol./l. crystal where the 
open circles are the measured widths and 
the square is the graphically obtained one. 
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Fig. 7. 
rotated around the b-axis 
mol./l. crystal. 


The angular variation of g-values 
for the 0.0005 
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105 120 135 150 165 180 


— Rotation angle, degree 
Fig. 8. The angular variation of half-widths 
rotated around the b-axis for the 0.0005 


mol./l. crystal. In this direction there 
appear only single lines. 


The angular variations of the separation 
between the two successive lines are shown in 
Figs. 5—8. 

From Fig. 6, above 60° rotation of the 
crystal, the spectrum collapses into a single 
line. Then we can not measure the separations 
directly. In order to avoid this difficulty we 
employed the graphical method, that is, 
assuming a Gaussian shape for each line, we 
tried the graphical composition to obtain a 
composed single line changing the relative 
distance between the centered line and the 
outside ones. Thus 2.5 gauss was obtained for 
the separation at 90° rotation of the crystal. 

The anisotropic splitting coefficient by will 
be exressed as 

by (4/5)77xh (0| r~*|0) 
where 

7,7x: the gyromagnetic ratio for an electron 
and a nitrogen respectively. 

%: Planck’s constant divided by 2z 

(O|r~°|0): the expectation value of the 

enclosed operator between 2pz wave 
functions. 
Hence one can obtain 
(0| r~°|0) =8.54 x 1074 cm=? 
Accoeding to Dousmanis’ 
“ best” theoretical value is 
(0| r~* |0) =22.5 x 10% cm- 
Then the ratio of our result to the Dousmanis’ 
will be 


calculation’, the 


(0| r~*|0)/(0| r~2 |0) =0.38 


This ratio means that in diphenyl nitric 
oxide the electron distribution amplitude of 
2pz wave function expanded in the series of 
an orthonormal set of A. O. functions may be 
0.38. In other words, this value is the prob- 
ability of finding an unpaired electron on the 
nitrogen atom. As mentioned before, the 
spectra of very diluted single crystals do not 
give well-resolved proton hyperfine lines but 
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show nitrogen hyperfine lines. Thus we can 
not apply the results of the weak exchange 
case in Kivelson’s theory. 

From Figs. 5—8, the angular variation of 
g-values about a certain axis is larger than the 
one about another axis perpendicular to the 
former. Furthermore, in the former case, 
there appear three well-resolved hyperfine lines 
and these collapse jinto a single line by 90° 
rotation, but in the latter case, the hyperfine 
line is single and stays in a single line during 
a rotation. 

From these results and the crystallographic 
orientation of the benzophenone molecules, we 
might conclude that the p-orbital of a nitrogen 
atom in diphenyl nitric oxide molecule would 
be almost parallel to one crystal axis of the 
bulk crystal. 


Summary 


Electron paramagnetic resonance experiments 
of diphenyl nitric oxide single crystals were 
performed. Variation of exchange narrowed 
line were measured by changing the magnitude 
of magnetic dilution in crystals. Angular 
variations of g-value and of hyperfine spectra 
were investigated. The value of the exchange 
integral in pure crystal and the spin density 
on '‘N atom in the molecule were determined. 


The author wishes to thank Professor S. I. 
Weissman for his helpful discussions and 
suggestions ; special thanks are due to Professor 
J. Townsend for offering the chance to used the 
EPR apparatus which was constructed by him. 
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Appendix 


Determination of the Isotropic and Anisotropic 
Hyperfine Splitting Factors for Nitrogen, para-, 
ortho- and meta-Protons in Benzene Rings of 
Dipheny! Nitric Oxide. 

Kivelson??:?) applied the Kubo and Tomita’s 
theory™ to the organic free radicals in both cases 
of liquid and solid. We shall summarize the 
results of his calculation briefly. 

In case of weak exchange (i. e. in case of diluted 
mixed crystals) the resonance frequency of each 
hyperfine line is 
(1/3) 47(3 cos*?8—1) 


o=([7+ 67 sin? 8 cos*7] Bo 
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S(S+1)K 
s14,M,—> (1) 
F 3 
where 
A;- {(o%? a,)*~+4 0’? . (2) 
K=J? 5 gat [SAa(M,-—M,')]~! (3) 
Mi=M A 
NJt=S S J;; (4) 
j t=) 
£2 T] Wing, Ma, I,)(21,+1)7- "2 (5) 
a 
ca) by A : - ? ir 
0,7 = (3 60s b—1)—sin* plese? +-c,%e*"* ) 


+ sin 2,3(idjze~** —id,*e'T ) (6) 


0? = {(3/8)bai sin 25 — (1/2)i sin 6 


<[eag(1-4 cosf)e “17 —¢c,*(1—cos Bye? 


(1/2) [d,(2 cos*8+cos S—1)e-'7 


d,*(—2cos* 5+cos §+-1)e'*]}e-'# (7) 


where J, and M, are the total and the z-component 
of angular momentum, respectively, for the A'th 
group of equivalent nuclei in a molecule. There 
are one nitrogen, 6 para- and ortho-protons and 4 
meta-protons in case of diphenyl nitric oxide. 
W(ng, Ma, Ia) is the degeneracy of an My, spin 
state which is composed of ng equivalent nuclei 
with spin J,. In our case we have 3 different 
W(n,, Mg, Ia)’s, i.e. W(ny, My, Ix), W(n, or Mp,0s 
Iy,o) and W(nm, Mm, Im). And Nn=1, My=0, +1, 
In=13 mpo=6, Mp,o=0, +1, +?, +3, Ipo=1/2; 
Nm =4, Mm =0, +1, +2, Im=1/2. 7, 47, 67, 8, 7 and 
By, have been explained in the preceding section. 
Then we shall obtain 105 absorption lines corre- 
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sponding to the combinations of My, M,,. and Mm. 
However, in the crystal of diphenyl nitric oxide 
case only three rather broad absorption lines wese 
observed. 

In order to determine the anisotropic hyperfine 
splitting coefficients, one inserts the experimental 
results into the Eq. 1 and calculates the A,’s. The 
isotropic hyperfine splitting coefficients were deter- 
mined by direct measurements from the spectra of 
degassed and vacuum sealed ether solution of 
diphenyl nitric oxide. 

Since a detailed explanation will be given in the 
forthcoming paper, a brief description of the cal- 
culation method of the isotropic and anisotropic 
hyperfine splitting factors of proton in diphenyl 
nitric oxide will be presented below. 

From the direct measurement of diphenyl nitric 
oxide spectra, one can obtain the isotropic hyperfine 
splitting coefficients for para-, ortho- and meta- 
position protons respectively, i. e. 

Ap,o= +1.96 gauss 

@m 0.98 gauss 
where we assumed that the spin density at ortho- 
and para-position (),.) is about twice as large as 
the one at meta-position (om) and fp.o is negative 
and pm is positive. 

The anisotropic hyperfine 
will be evaluated as follows*" 


bp,o —77Hh (0.6) x 10°40).0 
bin 77Hh (0.6) x10 40m 


splitting coefficients 


where 7 and 7y are the gyromagnetic ratios of an 
electron and a proton, respectively. 


On the 


Hemicellulose of Ganpi Bast Fibers. II* 


By Seishi MACHIDA and Sadanori NisHiIKoRI** 


(Received September 28, 1960) 


In the previous paper, the hemicellulose 
from the Ganpi plant (Wichstroemia sikokiana 
Franch. et Sav.) was studied in connection 
with Japanese paper making”. It was concluded 
that a complete picture of the chemical nature 
of hemicellulose is essential to explain the 
excellent characteristics of the hand-made 
paper of Japan. 


The principal part of this paper was presented at 
the Local Meeting of the Chemical Society of Japan 
(Chugoku and Shikoku Branch), Matsue, July, 1960 

** Present address: Industrial Experimental Station of 
Shimane Prefecture, Matsue. 

1) S. Machida and S. Nishikori, This Bulletin, 31, 1021 
(1958). 


The present investigation is an attempt in 
this direction, and the results reported here 
relate mainly to uronic acid which is the most 
important component of the hemicellulose. 
The chemical structure of the hemicellulose 
was also investigated. 

The hemicellulose obtained from holocellu- 
lose of Ganpi bast fibers by alkaline extraction 
gave upon hydrolysis a mixture of an aldobio- 
uronic acid, 4-O-methyl-p-glucuronic acid and 
p-xylose together with small amounts of D- 
galacturonic acid, D-mannose, D-galactose, L- 
arabinose and L-rhamnose. 

The acidic components were separated from 
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-(1-4)-$-p-Xylp-(1—-4)-5-p-Xylp-(1-—4) 
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-§-D-Xylp-(1—4) 


5 


4-O-Me-a-p-GpA-1 


Fig. 1. 


the hydrolyzate by the use of an anion-exchange 
resin. By means of chromatography on a 
column of cellulose??, 4-O-methyl-p-glucuronic 
acid, p-galacturonic acid and an aldobiouronic 
acid were isolated from the acidic components. 

The 4-O-methyl-p-glucuronic acid was charac- 
terized after reduction of its ester glycoside 
with lithium aluminum hydride followed by 
hydrolysis, as 4-O-methyl-p-glucose”. 

The aldobiouronic acid was designated as 
2-0-(4-O-methyl-a-p-glucopyranosyluronic acid) 
-p-xylopyranose by the following evidences: a 
paper chromatographic study proved that the 
Rx value and color reaction of the acid were 
the same as for 2-O-(4-O-methyl-p-glucopyrano- 
syluronic acid)-p-xylopyranose*, and_ the 
methoxyl group content and average equivalent 
weight corresponded to the calculated value of 
the acid. A high positive specific optical 
rotation presumed the presumed of an a- 
glycosidic linkage in the molecule». The 
aldobiouronic acid hydrolyzed with considerable 
difficulty and concomitant destruction. 

After conversion to the methyl ester methyl 
glycoside by methanolysis, however, it was 
comparatively easily hydrolyzed and afforded 
4-O-methyl-p-glucuronic acid and pb-xylose in 
equal amounts. Reduction of the ester glyco- 
side of the aldobiouronic acid with lithium 
aluminum hydride followed by hydrolysis 
readily yielded 4-O-methyl-p-glucose and D- 
xylose. The aldobiouronic acid isolated here is 
identical with that obtained by partial hydrol- 
ysis of a large number of wood hemicellu- 
loses”. 

The p-galacturonic acid was identified chro- 
matographically after being conversed into 
p-galactose. But the bD-galacturonic acid is 
believed to originate in pectic substances in 
the bast fibers. As has previously been reported, 
pectic substances are contained in the bast 
fibers of the Ganpi plant, and the hemicellulose 
isolated from the fibers is unavoidably contam- 


2) L. Hough, J. K. N. Jones and W. H. Wadman, J. 
Chem. Soc., 1950, 1702. 

3) B. Lythgoe and S. Trippett, 
Smith, ibid., 1951, 2646. 

4) G.G.S. Dutton and F. Smith, J. Am. Chem. Soc., 
78, 2505 (1956); C. P. J. Glaudemans and T. E. Timell, 
ibid., 80, 941 (1958). 

5) J. K. N. Jones and L. E. Wise, J. Chem. Soc., 1952, 
3380; R. L. Whistler, H. E. Conrad and L. Hough, J. Am. 
Chem. Soc., 76, 1668 (1954). 

6) G. O. Aspinall, ‘‘ Advances in Carbohydrate Chem- 
istry’, Vol. 14, Academic Press, New York (1959), p. 429; 
W.J. Polgiase., ibid., Vol. 10 (1959). p. 283; R. L. Whistler, 
ibid., Vol. 5 (1950), p. 269. 


ibid., 1950, 1983; F. 


Structure of Ganpi Hemicellulose. 


inated more or less with the pectic substances”. 
The p-galacturonic acid is not a component of 
the hemicellulose molecule. 

By oxidation of the Ganpi hemicellulose 
with 0.27M sodium periodate, it was shown 
that the periodate uptake was about one mole 
per pentose unit. The reaction, however, was 
not and it was found that a small amount of 
D-xylose unid in the hemicellulose remained 
unoxidized. It is believed that the D-xylose 
unit had been attached by a 4-O-methyl-p- 
glucuronic acid side chain in the main chain 
of the molecule. 

From the above consideration, it seems 
justifiable to assign the main chain of the 
Ganpi hemicellulose to the structure as Fig. 1. 
As was reported in the previous paper, the 
Ganpi hemicellulose has basically a_ linear 
structure built up from about 160 xylose resi- 
dues with, on the average, every sixth xylose 
units carrying a uronic acid residue”. 

The xylopyranose residues are jointed together 
with 1,4-§-linkages. The side chain is formed 
from single 4-O-methyl-p-glucuronic acid residue 
which is linked to the main chain by a 1, 2-a- 
linkage. 

The constitution of the hemicellulose of the 
Ganpi bast fibers is similar, albeit not identical, 
to that of other sorts of wood hemicelluloses”. 
But it is noticeable that this hemicellulose 
molecule has a comparatively longer chain and 
has more uronic acid groups along the chain 
than other wood hemicelluloses. 

The studies on the methylation of the 
hemicellulose will be reported in the next 


paper 


Experimental 


All evaporation were carried out under reduced 
pressure at a bath temperature not exceeding 40°C. 
Optical rotations were determined at 16°C and in 
water unless otherwise stated. In paper chromato- 
graphic studies, the sugar and uronic acid mixtures 
were separated on a sheet of Toyo Roshi No. 50 
filter paper by the ascending method, using one 
of the following solvents in the volume ratios 
as indicated: (A) ethyl acetate-acetic acid-formic 
acid-water (18:3:1:4), (B) a-butanol-ethanol- 
water (40:11:19), (C) ethyl acetate-pyridine-water 


7) S. Machida and S. Nishikori, Bull. Fac. Text. Fibers, 
Kyoto Univ. Ind. Arts & Text. Fibers, 3, 94 (1960) 

8) S. K. Chanda, E. L. Hirst, J. K. N. Jones and G 
V. Percival, J. Chem. Soc., 1950, 1289. 
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TABLE I. FRACTION OF 
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ACID COMPONENT OF HEMICELLULOSE 


Yield (%) Average Coloration” 
Fraction from Hemi- [a]}if equivalent Rx® after five after a few 
cellulose weight min. days 
A 1.9 75.6 202 1.60 Red Yellowish brown 
B $2 94.7 332 0.74 Red Red 
c £2 69.8 200 0.48 Red Brown 


a) Solvent A. 


b) 3% Butanol solution of p-anisidine hydrochloride. 


(2:1:2). All sugars and uronic acids were located 
by spraying the paper with an aqueous solution of 
p-anisidine hydrochloride unless otherwise stated. 
Rx represents the rate of movement on the paper 
relative to D-xylose. 

Separation of the Acid Component of Ganpi 
Hemicellulose.—The hemicellulose was prepared by 
the extraction of holocellulose of bast fibers of the 
Ganpi plant with 5% sodium hydroxide solution 
in the manner described in the previous paper”. 

The hemicellulose (10g.) was dissolved in 1N 
sulfuric acid (500 ml.) and heated on a water bath 
for 8hr. The cooled solution was neutralized with 
barium hydroxide solution to a pH of 3, and barium 
sulfate was removed by filtration. The filtrate was 
passed through a column of Amberlite IR-120 resin 
to remove barium ions. The acid eluate was passed 
through a column of Amberite IR-4B resin and the 
column was washed until the washings gave a 
negative Molish test. The acid component was 
eluted from the resin with IN sodium hydroxide 
solution (25ml.), the alkaline solution passed 
through Amberlite IR-120 and the eluate therefrom 
concentrated to dryness, giving a _ glassy solid 


(1.1 g.). On analysis, the average equivalent weight 
by titration was 314 and the methoxyl group 
content was 6.2%; theoretical values calculated 


for Cy2H»O,, are 340 and 9.1% respectively. 
Paper chromatography using solvent A showed the 
fraction to be a mixture of 4-O-methyl-p-glucuronic 
acid (Rx 1.60), an aldobiouronic acid (Rx 0.72) 
and p-galacturonic acid (Rx 0.48). 

Fractionation of the Acid Component of Ganpi 
Hemicellulose.—The mixture (1 g.) was fractionated 
on a column of cellulose»? (3cm. diameter, 25cm. 
long) with, as eluant, ethyl acetate-acetic acid- 
water (9:2: 2). 

The normal rate at which the eluant passed 
through the column was about 0.25ml. per min. 
The effluent was collected on an automatic fraction 
collector and, after examination of paper chromato- 
grams, was grouped into three separated fractions. 
Each fraction was extracted with an equal volume 
of water, the aqueous phase separated and the 
organic phase discarded. The aqueous solution was 
extracted four times with an equal volume of ether 
to remove acetic acid-ethyl acetate, and then evap- 
orated to dryness. Table I shows the yields and 
properties of the three fractions. 

Characterization of the Fractions. — Fraction 
A: Paper chromatography showed the fraction to 


be mainly 4-O-methyl-p-glucuronic acid. To 
confirm this, a portion of the glassy matter 
(110mg.) was refluxed with 1.8% methanolic 


hydrogen chloride (SOml.) for 6hr. After neutra- 


lization with silver carbonate, filtration, and evap- 
oration, the methyl ester methyl glycoside was 
obtained. It was dissolved in tetrahydrofuran 
(150 ml.) and reduced with a solution of lithium 
aluminum hydride (200 mg.) in the same solvent 
(SOml.). After half an hour the excess of lithium 
aluminum hydride was decomposed by the addition 
of ethyl acetate and the mixture was diluted with 
water. The organic solvents were evaporated, the 
solution filtered and the filtrate was deionized with 
Amberlite resins IR-4B and IR-120. The neutral 
solution was evaporated to syrup. On _ paper 
chromatograms, as is shown in Table II, it gave 
three spots corresponding to 4-O-methyl-p-glucose, 
p-xylose and D-galactose. The spots of the last 
two sugars were very faint. From the data shown 
in Tables I and II, the Fraction A was found to be 


TABLE II. PAPER CHROMATOGRAPHY OF THE 
REDUCING SUGARS FROM REDUCTION 
OF THE FRACTION A 
Sugar detected Rx value 
Solvent Solvent Solvent 
A B 
4-O-Methyl-p-glucose 1.30 1.20 1.14 
p-Xylose 1.00 1.00 1.00 
p-Galactose 1.41 0.76 0.61 


4-O-methyl-p-glucuronic acid accompanying traces ot 
p-xylose and p-galacturonic acid. D-Galactose was 
probably derived from p-galacturonic acid”. 

When the fraction A was preserved in a desicca- 
tor for a long time, a part of the 4-O-methyl-p- 
glucuronic acid was found to change to its lactone, 
which gave a pink spot (Rx 1.60) on a paper 
chromatogram in solvent A. 

Fraction B; Paper chromatography showed the 
fraction to be an aldobiouronic acid. As is shown 
in Table I, Rx value in solvent A, average equiva- 
lent weight and optical rotation corresponded to 
those of 2-O-(4-O-methyl-p-glucopyranosyluronic 
acid )-p-xylopyranose*>*»). 

A portion of the aldobiouronic acid (500 mg.) 
was converted to its ester methyl glycoside by 
methanolysis with 5% methanolic hydrogen chloride 
(25 ml.). After removing the solvent, a syrup was 
yielded. The syrup was dissolved in 1 N hydrochlo- 
ric acid, and the solution was heated on a boiling 
water bath for 25hr., the course of hydrolysis 
being followed by iodometric titrations. The 
solution was neutralized with silver carbonate, 
filtered and removed from silver ion with hydrogen 
sulfide. Filtration and evaporation of the solu- 
tion yielded a syrup (300mg.) which, by paper 
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chromatographic examination, was found to consist 
mainly of 4-O-methyl-p-glucuronic acid and pD- 
xylose in equal amounts. A trace of aldobiouronic 
acid unreacted was also detected as a faint pink 
spot in the chromatogram. The syrup of the 
hydrolyzate was fractionated by chromatography on 
ten sheets of Toyo Roshi No. 50 filter paper (30 
60cm.) using solvent A. The fraction corresponding 
to 4-O-methyl-p-glucuronic acid was extracted from 
the appropriate strips of paper with methanol in a 
Soxhlet apparatus and syrup (70 mg.) was yielded 
by evaporating the extract. The fraction corres- 
ponding to D-xylose was extracted with water. The 
extract was deionized by passing down a column 
of Amberlite IR-4B resin and evaporated to a 
syrup (190 mg.) which on cooling gave crystalline 
p-xylose. After recrystallisation from methanol the 
pure D-xylose had m. p. 142~143°C, [a]}§ +17.6°. 

Another portion of the aldobiouronic acid (100 
mg.) was converted to its methyl ester glycoside 
by refluxing with 1.8% methanolic hydrogen 
chloride (SOmg.) for 8hr. Neutralization with 
silver carbonate and evaporation yielded a syrup 
which was dissolved in tetrahydrofuran (50 ml.) 
and reduced with lithium aluminum hydride 
(200 mg.). Hydrolysis of the neutral disaccharide 
with IN sulfuric acid, neutralization with barium 
carbonate, and concentration yielded a clear syrup 
which yielded two spots of equal intensity on the 
paper chromatogram in solvent A, corresponding 
in color reaction and position to 4-O-methyl-p- 
glucose and p-xvlose. 

Fraction C. Paper chromatography showed the 
fraction to be p-galacturonic acid. A portion of 
the fraction was converted to its ester methyl 
glycoside by methanolysis and reduced with lithium 
aluminum hydride in the manner described above. 
Only p-galactose was obtained. This was confirmed 
by paper chromatography. 

Periodate Oxidation of Ganpi Hemicellulose.— 
The hemicellulose (160 mg.) was shaken with water 
(25ml.), and to it was added 0.27 mM sodium meta- 
periodate solution (25 ml.) at room temperature in 
the dark. At intervals portions (5ml.) were 
withdrawn and the periodate contents were deter- 
mined by the arsenite method. The results obtained 
are shown in Table III. After the oxidation, the 
excess of periodate was destroyed by adding ethylene 
glycol. The solution was dialyzed against tap water 
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TABLE III. PERIODATE UPTAKE OF 
GANPI HEMICELLULOSE 
Time, hr. 17 65 141.5 232.5 
NalO,/C;HsO, 0.98 1.02 1.18 1.17 


to remove inorganic ions, evaporated to a syrup, 
and hydrolyzed with 1N sulfuric acid for 6hr. 
Neutralization with barium hydroxide solution, 
filtration and then evaporation of the filtrate, yielded 
a syrup. Examination by paper chromatography 
indicated the presence of D-xylose only. 


Summary 


The hemicellulose of Ganpi bast fibers 
(Wickstroemia sikokiana Franch. et Sav.) gave 
upon hydrolysis a mixture of an aldobiouronic 
acid, 4-O-methyl-p-glucuronic acid and D-xylose 
together with small amounts of b-galacturonic 
acid, D-mannose, D-galactose, L-arabinose and 
L-rhamnose. 

The acidic components were separated, and 
by means of chromatography on a column of 
cellulose, 4-O-methyl-p-glucuronic acid, D-galac- 
turonic acid and 2-O-(4-O-methyl-p-glucopyra- 
nosyluronic acid)-p-xylopyranose were isolated 
and characterized. 

A structure was proposed for the hemicellu- 
lose which has a straight chain of about 160 
1, 4-linked-§-p-xylopyranose residues with, on 
the average, every sixth residue carrying a 
terminal 4-O-methyl-a-p-glucopyranosyluronic 
acid residue linked through position 2. 

The p-galacturonic acid is believed to origi- 
nate in pectic substance and not a component 
of the hemicellulose. 


A part of the expense for this work was 
defrayed by the Grant-in-Aid for Scientific 
Research from the Ministry of Education. This 
is gratefully acknowledged. 


Chemical Laboratory of Textile Fibers 
Kyoto University of Industrial Arts 
and Textile Fibers 
Kita-Ku, Kyoto 





920 Koichiro OKAMOTO [Vol. 34, No. 7 


Polarographic Studies of Some Organo-sulfur Compounds. I. 
A.C. and D.C. Polarography of Potassium Thiobenzoate 


By Koichi OKAMOTO 


(Received August 31, 1960) 





A number of the polarographic investigations 
of various organo-sulfur compounds have been 
reported. Especially thiol-type compounds such 
as cysteine” and glutathion” have been studied 
in detail, related to their reduction-oxidation 
systems. 

Thiobenzoyl type sulfur compounds, how- 
ever, have not been studied polarographically. 

In this paper, the polarographic behaviors 
of potassium thiobenzoate (1), will be reported. 


< »-COSK 


(1) 
Experiments and Results 


The polarograph used was the Yanagimoto model 
PA-102 [D.C. & A.C. (superimposed with sinusoidal 
A.C. of 50c.p.s. in frequency and of 15 mV. r.m.s. 
in amplitude)]. The characteristics of the dropping 
mercury electrode used were: m=0.986 mg. sec™!, 
t=4.74sec. (open circuit) 
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Typical polarograms of PTB. a: 
10.0, [PTB] 


Fig. 1. 
pH — 10.0, d: A.C. pH 
air-free. Damping (D.C.) 


1) I. M. Kolthoff and J. J. Lingane, “* Polarography ” 
Interscience Publishers, New York (1952), p. 779 


D.C. pH=1.5, b: 
0.510 
50”F, capacitance (A. C.) 


Synthesized pure potassium thiobenzoate (PTB) 
was used and its purity was tested by iodometric 
titration and microanalysis. All other reagents 


were of reagent grade. 

Experiments were carried out 2 or 3 times on 
the same kind of sample at 25°C and the values 
obtained were averaged in general. The values of 
potentials were expressed in V. vs. S.C. E. and of 
currents in #7 or in #A. 

The Influences of pH to the Limiting Currents 
ii, the Peak Currents i, and to the Half-wave 
Potentials E,/., the Summit Potentials E..—In the 


buffer solutions of pH 1.5~12.0, PTB showed 
three oxidation waves; some of them are shown 
in Fig. 1. 


The relationships of pH to i), is; and E,j2, Ex are 
shown in Table I, Figs. 2 and 3. 

The first wave had a half-wave potential very 
close to the second, while the third occurred at 
more negative potentials. 

The D.C. wave heights of the Ist and the 2nd 
waves were both independent of pH, but the 3rd 
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D.C. pi=-54, cc: D.C. 
mol./l., at 25°C. The solutions were 
OnF. 


2) I. Tachi et al., J. Agr. Chem. Soc. 
Nogei-Kagaku Kaishi), 25, 278, 281, 325 (1952) 
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TABLE I. THE VARIATION OF jj, is and Es, E,/2 WITH pH 
[PTB] =0.5x10-* mol./l., measured at 25°C 
ii, pA is, 20 -E\j2, V.vs.8.C.E. —E,, V.vs.S.C.E. 
pH Buffer eee 
i} i? i; i} i? i Ely E2/, E}/, BE} E E: 
1.5 A 0.730 0.283 0.139 128 313 309 0.188 0.256 0.435 0.215 0.260 0.434 
2.5 A 0.725 0.285 0.113 112 298 283 0.219 0.291 0.487 0.241 0.291 0.489 
3.2 B- 0.723 0.289 0.100 106 285 266 0.235 0.300 0.520 0.255 0.310 0.526 
4.0 B- 0.730 0.291 0.090 109 295 266 0.243 0.308 0.534 0.257 0.309 0.526 
5.0 B_ 0.728 0.290 0.085 114 310 261 0.250 0.320 0.542 0.258 0.305 0.525 
6.0 CC 0.727 0.298 0.090 114 305 247 0.250 0.314 0.536 0.258 0.305 0.526 
7.5 CC 0.737 0.291 0.090 113 303 260 0.250 0.314 0.533 0.258 0.307 0.526 
9.0 D_ 0.738 0.290 0.098 114 292 237 0.250 0.312 0.524 0.259 0.308 0.529 
10.0 E 0.741 0.291 0.100 113 290 244 0.250 0.310 0.516 0.258 0.310 0.529 
12.0 E 0.735 0.299 0.100 111 295 240 0.250 0.309 0.519 0.258 0.312 0.528 
A: 0.1m CH;COOH-HCI, B: 0.1m CH;COOH-CH;COONa, C: 0.1M KH:2PO,-Na:HPO,, 
D: 0.1M Na:B,O;-HCl, E: 0.1m Na.B,O;-NaOH. 
401 . 
/ 
< P 300 pa 0.456 / 
~ = ; d 
= se a 
= 050 $ g 
c ~ . 0.40 
2 5 = 
ies = “v 
bo a a 
& a ; 
E eae a. Pa) ; 
a _ — 0.300 = - 
” 100 0.250 6 
"00 24 4.0 6.0 8.0 10.0 12. ; 
pH 
Fig. 2. The relation of i; and i; to pH. - 
a: D.C. Ist wave d: A.C. Ist wave ( a é ) 10.0 12.0 
b: D.C. 2nd wave e: A.C. 2nd wave 
c: D.C. 3rd wave f: A.C. 3rd wave pH 
[PTB] =0.5x10-* mol./I., at 25°C Fig. 3. The relation of E, and £,/, to pH 
. B c D.C. Ist, 2nd and 3rd wave 
seemed to be fairly affected with pH in very acidic respectively 
solutions. d, e, f A.C. Ist, 2nd and 3rd wave 
In A.C. polarography, the 2nd and the 3rd - respectively - 
waves showed very large peak current in comparison [PTB] =0.5x10~* mol./I., at 25 ¢ 
with the Ist; the pH-dependence of them, however, 
was almost the same as that of the D.C. waves E-E,~(RT/F) \n (H*]—(RT/2F) In (ig —i)2/i 


As shown in Fig. 3, the negative shift of E,/. 
and E; of Ist and 2nd waves with pH increase was 
observed in more acidic conditions than pH 3.5 
and in the more basic region they were both in- 
dependent of pH. 

A theoretical equation? of the reversible oxida- 
tion wave of sulfhydryl compounds to the corre- 
sponding disulfides was expressed in Eq. 1; 


(RT/2F) In( KDrea/2D,-) 


then half-wave potential E 
E\/2=E,)+(RT/F) \n (H*] 
(RT/2F) \n (KDrea/2D,) 


where K is a dissociation constant 


was in Eq 


(RT/2F) in (ig/2 
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According to Eq. 2, under the conditions otf 
constant concentration and moreover of [H*]> K, 
the half-wave potential may shift to more negative 
potentials, but of [H*]<K, it may be independent 
of pH values. 

It was found that the relations shown in Fig. 3 
almost completely followed Eq. 2. K of PTB 
obtained from Fig. 3 was approximately 3.5. 

In’ neutral bufferfsolutions, the solutions of PTB 
often came to be turbid and in acidic solutions 
(pH<4), A.C. polarograms had complicated forms, 
therefore the following experiments were carried 


out in basic buffer solution of pH 10.0 (0.1™M 
borate buffer). 
4A 
# 
1 s 3100 
< 
a . 3 
2 . = 
= ) 200 2 
a} 3 
=o 2 
3 av 
= ) 
E a. 
= ) 


> » 
Oe - 0 
) ).25 150 0.75 


Concentration, x 107-3 mol./I. 


Fig. 4. The relation of is and i to the 


concentration. 


a, b, c: D.C. Ist, 2nd and 3rd wave 
respectively 

d, e, 1 A.C. Ist, 2nd and 3rd wave 
respectively 

g: D.C. total wave (Ist+2nd-+ 


3rd) 
Supporting electrolyte is 


buffer pH 10.0. 


0.1™M borate 


rhe Relations of the Concentrations of PTB to 
ij, is and E,/., E;.—In the cases where there was 
diffusion or kinetic currents, good linearity was 
generally found between concentrations and wave 
heights. A linear relation was observed for the 
Ist wave, but it did not pass the zero point. Better 
linearity was found for the total wave as shown in 
Fig. 4. 

Saturation phenomena were found for the 2nd 
and the 3rd waves of both D.C. and A.C. polaro- 
grams. 

The relations between E,/2, E; and C were shown 
in Fig. 5. A negative shift of E,j2 and E, of the 
Ist and 2nd waves was observed, while the 3rd 
seemed to be independent of the concentrations. 


[Vol. 34, No. 7 
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buffer pH 10.0. 


In Eq. 2, it was shown that at constant pH, the 
half-wave potentials may shift to more negative 
potentials with concentration increase. The be- 
haviors of the Ist and the 2nd waves seemed to 
coincide approximately with the theory. 
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Fig. 6. The relation of i; to temperature. 
a: Ist, b: 2nd, c: 3rd waves 
[PTB] =0.5x 10-2 mol./l. in 0.1™M borate 
buffer pH 10.0. 
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The Influences of Temperature upon i;, i; and 
E,/2, E;.—Very different results were obtained in 
D.C. and A.C. polarograms. In D.C., all tem- 
perature coefficients of the first, the 2nd and the 
3rd were 2.15, 0.74 and 3.51% respectively, but in 
A.C., only the Ist had the positive coefficient of 
1.94% and the others showed negative values as 
shown in Fig. 6. 

It could be known that the 2nd and the 3rd waves 
were tensammetric and the Ist was considered to 
contain partly the kinetics current. 

As shown in Table II, both the A.C. and D.C. 


TABLE II. THE VARIATIONS OF Ej/2 AND Ey 
WITH TEMPERATURE 
[PTB] =0.5x 10-3 mol./l. in 0.1m borate 
buffer pH 10.0 
Temp. — Eip* Ey" 

C Ey; -E}, -EV, —-E! E? —E: 
18.0 0.250 0.323 0.540 0.267 0.317 0.540 
20.5 - 0.265 0.313 0.529 
22.2 0.250 0.322 0.532 0.269 0.312 0.525 
24.0 0.250 0.315 0.521 0.267 0.312 0.526 
26.4 0.250 0.311 0.516 0.260 0.300 0.517 
29.0 0.240 0.308 0.510 0.255 0.301 0.511 
31.0 0.240 0.300 0.496 0.256 0.297 0.510 


* ¥.6.8.C. 6. 


waves shifted to more positive potentials according 
to the rise of temperature. 

The Relation between the Mercury Reservoir 
Height H and the Wave Height i in D.C. 
Polarograms. — Good linearities were obtained be- 
tween log H (corrected with the reverse pressure, 
3.1/(mt)'/3) and logij. They could be written as 
follows : 


Ist wave: i, = H°-'5+ K, (1) 
2nd wave: i; = H®-* + K> (II) 
3rd wave: i= H°-1+K (IIT) 
Total wave: i;=H®-*3+ K, (IV) 


where K;, ---, Ky were constants. 

It seemed that the Ist consisted of the two com- 
ponents ; kinetic and diffusion currents and the two 
others, of diffusion and adsorption currents. 

In the case of the complicated systems, the usual 
analysis of the relationship between H and i), such 
as the plotting of H'/* against i; or AH against i), 
was considered to be less accurate than the method 
of the plotting of log H against logi. In fact, the 
relation between H or H'/? and i; both showed 
appearent linearities, so that no definite results 
could be obtained. 

Logarithmic Plotting. — The 
the applied potentials E and 
log {i/(ia—i)*} were investigated. Only the Ist wave 
showed good linearity of RT/nF=28 mV., if E was 
plotted against log {i/(ia—i)*}, the two others showed 
S-shaped curves, and the relations of E to log {i/(ia 
—i)} of each three waves were S-shaped too. 

The Ist wave was considered to be two electrons 
oxidation producing one mole of the oxidation form 
from two moles of the reduced form. 


relations between 
log {i/(ia—i)} and 
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Electrocapillary Curve.—When the adsorption or 
desorption of depolarizers takes place on the surface 
of D.M.E., some irregularities may be found in 
the electrocapillary curves. 

As shown in Fig. 7, a remarkable irregularity 
was found from —0.65 up to 0 V. having a sharp 
minimum at —0.27V.; this minimum corresponded 
to the 2nd wave approximately. 


ge 


3.0 — ——s seceteieitiniaah 


0 05 =1.0 
EE, V.%6.3.4..¢ 


Fig. 7. Electrocapillary curves. 
a: Reference pH 10.0, 0.1m borate buffer 
b: 1mm PTB in a. 


Polarograms Obtained with a Rotating Platinum 
Microelectrode.—In order to know the real oxida- 
tion potential of PTB to the disulfide form, benzoy] 
disulfide, a platinum electrode was employed. The 
polarograms obtained are shown in Fig. 8. The 


< 
5 
— 
— 
v 
E, V.vs.$&.C. E. 

Fig. 8. Polarograms with a rotating platinum 
electrode. (1400r.p.m., ¢=0.8mm., /=6 
mm. horizontal) 

a: 0.5mm, b: 1mM PTB in a 0.1M borate 


buffer (pH 10.0). 








924 Jun’ichi HAYAMI 


reproducibility and the reversibility of the waves, 
however, were inferior to those of D.M.E., but a 
notable peak at the potential of —0.1~—0.3 V. was 
recognized in every experiment. 

This irreversible peak current was considered to 
be the oxidation wave of PTB to its disulfide, 
because the formations of mercury salts of PTB do 
not occur in the case of the oxidation reaction 
with Pt-electrode. It coincided with the oxidation 
waves obtained at D. M.E., therefore the oxidation 
which occurred at D. M.E. was thought to be the 
formation of disulfide. 


Discussion 


The characteristics of the three oxidation 
waves of PTB are summarized as follows: 

(1) The Ist wave is considered to be the 
diffusion current having the slight kinetic prop- 
erties and to be two-electrons oxidation form- 
ing its disulfide. 

(2) The 2nd and the 3rd waves are so-called 
tensammetric waves, owing to the adsorption 
or the desorption at the surface of D.M.E. 
and this adsorption is thought to continue 
during the applied potentials which change 
from 0.65V. to more positive potentials 
beyond 0 V. 

The oxidation of PTB takes place at —0.5 V. 
approximatly ; then the adsorption of PTB to 
the surface of D.M.E. occurs continuously. The 
adsorbed PTB might be electro-inactive, so that 
the rise of the oxidation current is suppressed 


during the adsorption continuing down to 
0.3V. At the potential 0.3 V. PTB is 
desorbed and becomes electro-active again, 


therefore the oxidation current begins to in- 
crease. 

The oxidation product of PTB also seems to 
be adsorptive to D. M. E., because the abnormal 
decrease of ¢ is observed at more positive 


potentials than —0.3 V. (Fig. 7). 
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Slight kinetic properties, described in previous 
sections, of the Ist wave are attributed to the 
continuous adsorption, desorption and oxidation 
of PTB and to the secondary adsorption of the 
oxidation product. 

The whole oxidation process is expressed as 
follows : 


2C;H;COS- <= (C;H;COS)>.+2e 


Summary 


The polarographically new sulfur compound, 
potassium thiobenzoate, was investigated, using 
A.C. and D.C. polarographs. Comparatively 
complicated three oxidation waves were observed 
in both polarograms. 

According to the various investigations about 
the properties of these waves, it was found 
that the whole reaction was the oxidation of 
PTB to its disulfide, benzoyl disulfide. The 
lst wave was mainly due to this oxidation 
reaction and the two others were mainly due 
to the adsorption and the desorption of PTB 
at the surface of D. M.E. 

The reversible oxidation-reduction system 
consisting of PTB and benzoyl disulfide would 
not be expected owing to the adsorption and 
desorption processes that interfered with the 
normal oxidation of PTB to benzoyl disulfide, 
if the studies were done with a dropping 
mercury electrode. 


The author is very much indebted to Di- 
rector M. Matsui for affording facilities for 
this investigation. 
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Acetol Formation from “C-Labeled Pentoses* 


By Jum’ichi HAYAMI 


(Received December 16, 1960) 


In the preceding report», formation of acetol 
from labeled hexoses was examined, and the 
examination of the activity distribution revealed 
the origins of every carbon atom of acetol 


* Presented at the 13th Annual Meeting of the 
Chemical Society of Japan, Tokyo, April, 1960. 


produced. The terminal carbons of hexoses 
were found to be converted into methyl carbon 
of acetol. 

Moreover, some characteristic properties of 


1) R. Goto, J. Hayami, K. Kudo and S. Otani, This 
Bulletin, 34, 753 (1961). 
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the reaction suggested that on one of the steps 
of the reaction, a cleavage in the carbon chain 
of an intermediate occured between the C-3 
and the C-4 of the original hexose, and that 
no skeletal rearrangement in the C;-group was 
involved before and after the splitting of the 
chain. 

In a series of papers of the same title, two 
different mechanisms of acetol formation were 
proposed», the one—Nodzu’s mechanism*?— 
assumed an intermediate formation of acetyl- 
formoin from a hexose, and the other—Goto’s 
mechanism—assumed an intramolecular oxida- 
tion reduction of 3-deoxyhexosone. Goto’s 
challenge for Nodzu’s mechanism’, had _ its 
starting point in the need of a general inter- 
pretation for the acetol formation from pentose 
and hexose. He inferred from Nodzu’s 
mechanism that if it was applied to a pentose, 
it could not lead to the formation of acetol. 
However, a pentose as well as a hexose gives 
acetol. Therefore, for the establishment of a 
general mechanism of acetol formation, it is 
important to decide whether there is a com- 
mon mode of reaction between the mode of 
acetol formation from pentose and that from 
hexose. 

In the present work, p-xylose-1-''C and b- 
arabinose-5-''C were synthesized and these were 
decomposed in concentrated buffer solution of 
potassium hydrogen phosphate and acetol was 
isolated. The distribution of labeled positions 
was, then, determined. 


Experimental 


Labeled Sugars and Assay Method.—D-Xylose- 
1-'4C.—p-Xylose-1-"C was synthesized from pb-glu- 
cose-1-'44C by Sowden’s method® with an improve- 
ment in the reduction procedure*!; that is, instead 
of the catalytic hydrogenation of 1,2-O-isopropyl- 
idene-p-xylo-dialdopentofuranose (I)**, reduction 
with lithium aluminum hydride was adopted as 
was the case with the synthesis of 3-O-methyl-p- 
xylose by Corbett®. 

I was prepared from 2.5g. of pD-glucose-1-'#C 
according to Sowden’s method. Ethereal solution 


2) a) R. Nodzu et al., Mem. Coll. Sci. Kyoto Imp. Univ., 
A20, 197 (1937). 

b) R. Goto, J. Chem. Soc. Japan (Nippon Kwagaku 
Kwaisi), 64, 999, 1054 (1943). 

*1 Isbell et al. also proposed an excellent method of 
reduction with LiBH, in tetrahydrofuran. (H. S. Isbell 
et al., J. Research NBS, 64A, 359 (1960)). 


*2 HCO 
C(CH;) 
HCO Oo 
(1) or its dimeric form. 
HOCH 


HC 


CHO 
3) J. C. Sowden, J. Am. Chem. Soc., 73, 5496 (1951). 
4) W. M. Corbett, G. N. Richards and R. L. Whistler, 
J. Chem. Soc., 1957, 11. 
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(70 ml.) of I was placed in a two-necked flask 
equipped with a dropping funnel and a reflux con- 
denser. Lithium aluminum hydride (0.75g.) in 
ether (75ml.) was added dropwise in 30 min.; the 
mixture was refluxed for 30min. Excess of lithium 
aluminum hydride was decomposed with ethyl 
acetate (2.5ml.) and water (45 ml.); ether on the 
upper layer was removed by air current. Residual 
aqueous solution was neutralized with dilute sul- 
furic acid and filtered. The filtrate was concen- 
trated under reduced pressure. The residual light 
syrup was dissolved in 60 ml. of 0.1 N sulfuric acid 
and heated in a boiling water bath for an hour. 
After cooling, the hydrolyzate was passed through 
an ion-exchange resin (10ml. of Amberlite IR-120 
and 25ml. of Amberlite IR-45). The effluent and 
the washing were combined and concentrated under 
reduced pressure. D-Xylose-l-"C often crystallized 
on concentration. However, if necessary, the solu- 
tion was lyophilized after concentration to an 
appropriate volume, and the residue was crystallized 
from methanol-isopropanol in the usual way». 
Yield; 1.5g. or 72% (in typical run). 

D-Arabinose-5-'*C. — pb-Arabinose-5-4“C was syn- 
thesized by Ruff degradation according to Isbell®. 

Radioassay.— Every sample was converted into 
barium carbonate by Van Slyke-Folch wet combus- 
tion. Barium carbonate was collected on filter 
paper, and counted in an infinite thickness in a 
2z-gas flow counter**. Only iodoform was counted 
in a medium thickness and corrected for an infinite 
thickness by parallel counting of the parent sugar 
of’ about an equal thickness. Probable errors of 
the counting were all within 5%. 

Decomposition of Labeled Pentose.—Ten grams 
of arabinose or xylose was dissolved into 200 ml. 
of concentrated solution of potassium hydrogen 
phosphate (40%, pH 6.7); the mixture was heated 
and distilled in the way described earlier!.”. 


TABLE I. RADIOASSAY DATA FOR 4C-LABELED 
PENTOSES 
. Radio- 
" Carbon —_.:.. 
Sample atom (a) activity 
pc/mol. 
Radioacetol from p-xylose-1-'4C 
Xylose-1-!4C 19.6 
(Acetol semicarbazone all 9.7 
lodoform CH; 9.5 
Acetol - ; : : 
Indirectly determined co * 
| , 
Formaldehyde dimedone CH:OH — 
Radioacetol from p-arabinose-5-4%C 
Arabinose-5-4C 257 
Acetol semicarbazone all 136 
lodoform CH; 125 
Acetol - j ‘ 
Indirectly determined co * 


CH:OH_ 14 


* Substantially free from radioactivity. 


| F 
Formaldehyde dimedone 


5) Cf. H. S. Isbell et al., J. Research NBS, 48, 163 (1952). 

6) H. S. Isbell, N. B. Holt and H. L. Frush, ibid., 57, 
95 (1956). 

*3 A product of Metro Electrouic Institute, Kyoto. 

7) R. Nodzu, This Bulletin, 10, 122 (1935). 
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Degradation was carried out in the same way as 
reported earlier’, but degradation of the acetic acid 
was not undertaken. Radioactivity of the carbonyl 
carbon of acetol was determined indirectly from 
the total activity of acetol deducting the activities 
of methyl and carbinol carbon. These data are 
summarized in Table I. 


Results and Discussion 


The results from radioassay may be expressed 
in the following way. 

1) In the case of p-xylose-1-'*C, radioacetol 
of about a half specific radioactivity of the 
parent xylose was obtained. 

On the degradation, the methyl carbon of 
acetol was converted into iodoform which 
contains substantially all the activity of the 
acetol. The carbinol carbon of acetol was 
converted into formaldehyde by periodate 
oxidation and was captured as formaldehyde 
dimedone which was found almost free from 
activity. In consequence, xylose-1-“C was 
proved to produce acetol-3-"C (methyl-"“C). 

2) p-Arabinose-5-''C similarly yielded radio- 
acetol of about a half specific activity of the 
Original arabinose. 

The degradation gave iodoform which con- 
taines almost all the radioactivity of parent 
acetol, however a slight degree of activity was 
observed for formaldehyde which was derived 
from carbinol carbon of acetol. 

Therefore, it may be concluded that arbinose- 
5-"'C produces acetol-3-'C. 

The above results are in accord with the 
expectation from a tracer experiment of hexoses, 
that is, the terminal carbon of a pentose —~ C-1 
and C-5 are converted into methyl carbon 
of acetol. 

These facts suggest that a common mecha- 
nism operates in the formation of acetol from 
simple sugars. 

From Table I, a similar behavior of pD- 
arabinose-5-'*C and p-xylose-1-''C in the forma- 
tion of acetol is perceived. These facts 
constitute the characteristics of the acetol for- 
mation from a pentose. 

Ignoring the effect of a difference in con- 
figuration between arabinose and xylose, also 
ignoring the slight randomization of a label, 
the contribution ratio of the upper C; and the 
lower C; of a pentose may be postulated as 
about 1:1%. 


Almost an equal contribution of 
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upper and lower C; part of a pentose for 
formation of acetol, suggests participation of 
an intermediate of a good symmetrical 
structure. This means destruction of the 
configurational difference between arabinose 
and xylose to yield an intermediate of common 
or analogous nature through some _trans- 
formation reaction of a pentose**. 

In such a reaction an isomerization of a 
sugar plays an important role on the essential 
pathway of the reaction, an effect of sym- 
metrical natures of an intermediate may be 
often visualized”. 

An examination of the mechanism of acetol 
formation, which will be discussed in detail 
in a succeeding paper’, suggests the above 
intermediate to be 3-ketopentose (II) or its 
enediolate**:'!:!* (III), in which, the configura- 
tional difference between arabinose and xylose 
is destroyed. 


CH2,OH f CH,0H } 

CHOH | /COH | 

CO | H+; C=O } 

CHOH | = (CoH 

CH,OH CH,OH | 
( I) ( Ol 
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*4 In addition, there is no essential difference between 
the acetol formation and a configuration of a monosac- 
charide. Also refer to R. Goto (loc. cit.) 

8) H. F. Bauer and C. Teed, Can. J. Chem., 33, 1824 
(1955). Also refer to M. Gibbs, J. Am. Chem. Soc., 72, 3964 
(1950) 

*5 Or their equivalent compounds 

9) J. C. Sowden, M.G. Blair and D. J. Kuenne, J. Am 
Chem. Soc., 79, 6450 (1957). 

10) J. Hayami, This Bulletin, 34, 927 (196i). 

11) BR. L. Whistler and J. N. BeMiller, *“* Advances in 
Carbohydrate Chem.”’, Vol. 13, (1957), p. 289. 

12) J. C. Sowden, ibid., Vol. 12, (1957) p., 36. 

J. C. Speck, Jr., ibid., Vol. 13, (1958), p. 63. 
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Decomposition of partially ‘C-labeled hexoses 
and of pentoses, which was reported in preced- 
ing papers'’> revealed the origin of every 
carbon atom of a resulting acetol, and the 
terminal carbons of a hexose and of a pentose 
(C-1 and C-6 of a hexose, C-1 and C-5 of a 
pentose) were found to be converted into the 
methyl carbon of acetol. 

The next step is to elucidate the mechanism 
through which the methyl or acetyl group of 
acetol is formed. 

As was already pointed out’, triose can not 
be an essential intermediate in the formation 
of acetol from a monosaccharide. Accordingly, 
a direct transformation of a C; and of a C 
compound is expected to take place. Generally 
speaking, except for hydrogenolysis and catalytic 
hydrogenation, examples of a direct reduction 
of an aldehydic or a primary carbinol group 
into a methyl group are scarce, especially in 
an aqueous reaction medium. In the present 
instance of acetol formation, aldose may be 
transformed into a ketose, and the C-1 (and 
C-5 or C-6) of a ketose may be converted 
into methyl through one of the following 
three possible mechanisms. 


a) CH.OH CH, CH, 
CHOH COH , CO 
(CHOH) (CHOH) (CHOH) 

b) CH.OH __ CH, 
co =——y on + (RCOOH) 
(CHOH) (CHOH) 

c) CH.OR CH: CH 
CHOH — COH OR® > CO 


co co co 


(R: alkyl or hydrogen) 


They are: a) Simple dehydration of vic-diol, 


Presented at the 13th Annual Meeting of the Chemi- 
cal Society of Japan, Tokyo, April, 1960. 

Part XI, the preceding paper. 

1) R. Goto, J. Hayami, K. Kudo and S. Otani, This 
Bulletin, 34, 753 (1961). 

2) J. Hayami, ibid., 34, 924 (1961). 

3) R. Goto, J. Chem. Soc. Japan, (Nippon Kwagaku Kwaisi) 
64, 999, 1054, 1183 (1943); Mem. Coll. Sci. Kyoto Imp. Univ., 
A20, 197 (1937). 


which is similar to the thermal decomposition 
of glycerol”. 

b) Mutual oxidation and reduction between 
a-ketol and aldehyde, a reaction which is anal- 
ogous to the levulinic acid formation from 5- 
hydroxylevulinic aldehyde”. 

c) $-Hydroxy-carbonyl elimination from 3- 
ketose or its equivalent compound, a reaction 
which prevails in the reaction of carbo- 
hydrates®:”. 

Among these reactions, the possibility of a) 
can be ruled out, because sugar alcohol such 
as mannitol yields no acetol by the action of 
phosphate under decomposition condition”. 

As for b), though this mechanism has been 
believed to operate in the formation of 
levulinic acid from hydroxymethylfurfural, there 
is Opposition to this view”, and in some cases, 
even an intermediate formation of 5-hydroxy- 
levulinic aldehyde is accepted with doubt’ 
In the Teunissen’s mechanism!'?, 5-hydroxy- 
levulinic aldehyde is to be converted into 
levulinic acid through (an _ intramolecular) 
acetal formation. This mechanism requires a 
specific arrangement of a hydroxyl group and 
an aldehydic group and, in an aqueous medium, 
an example of acetalformation between sepa- 
rated alcohols and aldehydes is yet unknown. 
When the above-mentioned acetal formation 
is to be regarded as proceeding if at all, it can 
be inhibited through O-alkylation at C-1 and/or 
C-6 of a hexose (C-1 and/or C-5 of a pentose), 
because no acetal can be produced by action 
of ether upon an aldehyde. Therefore, acetol 
formation from 1-O-alkylated sugars must be 
retarded. 

As for ¢), on the other hand, the introduc- 
tion of an O-alkyl group on C-1 (or C-5, C-6) 


4) J. U. Nef, Ann., 335, 247 (1904). 


5) F. H. Newth, ** Advances in Carbohydrate Chemis- 
try’, 6, 83 (1951), and references cited therein 
6) C. Sowden, ibid., 12, 36 (1957) 


J 

7) R. L. Whistler and J. N. BeMiller, ibid., 13, 289 
(1958) 

8) R. Goto, unpublished work 

9) A.P. Dunlop and F.N. Peters, “‘ Furans” 
New York (1953), p. 648 

10) F. Leger and H. Hibbert, Can. J. Research, 16B, 68 
(1938 

11) H. P. Teunissen, Rec. trav. chim., 30, 1 (1930); R 
Pummerer and W. Gump, Ber., 56, 999 (1923); R. Pum- 
merer, O. Guyot and L. Birkofer, ibid., 68, 480 (1935 
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may facilitate the $-hydroxy-carbonyl elimina- 
tion from 3-ketose to convert the C-1 into 
methyl group; thus the formation of acetol 
from the sugar may be accelerated. 

In the present work, 1!-O-methyl-p-fructose 
(1), 3-O-methyl-p-glucose (II), and 6-O-methyl- 
D-glucose (III) were decomposed to decide 
which of these two cases actully occurs, and 
combining the results with those of tracer ex- 
periments reported earlier, a general mechanism 
of acetol formation was made clear. 


Experimental 


Methylated Sugars.—1-O-Methyl-p-fructose' was 
synthesized from sucrose through di-O-isopropylidene 
fructose, and 3-O-metyl-p-glucose!~? was synthesized 
from glucose through di-O-isopropylidene-p-glucose 
in the usual way. 6-O-Methyl-p-glucose was syn- 
thesized through 1, 2-O-isopropylidene-6-O-tosyl-p- 
glucose and 1,2-O-isopropylidene-5, 6-epoxy-D-glucose 
according to the combination of Reist’s method! 
with Ohle’s method'®. 

Decomposition of Methylated Sugars.—A_ solu- 
tion of 5.4g. of 1-O-methyl-p-fructose or 6-O-methy]- 
p-glucose in 200ml. of concentrated potassium 
hydrogen phosphate buffer (4022, pH 6.7), was 
heated and distilled in the usual way which was 
described earlier in a paper’ (Part X) of this series. 
In the case of 3-O-methyl-glucose, 10.8g. of the 
sugar was decomposed in the same way. In the 
reference experiment, each 5g. or 10g. of parent 
sugar was decomposed. 

Estimation of Acetol in a Distillate'>.—To 10 
ml. of the distillate were added 10 ml. of N/10 KI-I. 
solution and 10ml. of 10% potassium hydroxide 
solution. After 30 min., the mixture was acidified 
with 8 ml. of 15%, hydrochloric acid, and liberated 
iodine was titrated with N/10 Na.S.O, standard 


= - 
2 > 
os 30+ 
c- gon 
eg —_ 
Sa 90} Tg 
es / 
3:2 io 

3 ™ 
Se 10 ~ _— 
os } Ri 
~ ie 
a / Ogg 
Eo 0 300 | 600 ~~ 900. 
<A 

Time, min. 
Fig. 1. Acetol formation from 3-O-methyl-p- 


glucose (—O—) (10.8 g.) and from p-glucose 
(—@—) (10.0g.) in 200ml. of potassium 
hydrogen phosphate buffer solution (ca. 4020, 
pH 6.7); 200 ml. of distillate was collected for 
each 90min. The amount of acetol was 
determined by iodometric titration, though 
3-O-methyl-p-glucose actually gave no acetol 
(also refer to Table I). 


12) W. L. Glen, J. Chem. Soc., 1951, 2568. 

13) E. J. Reist et al., J. Org. Chem., 23, 1753 (1958). 
14) H. Ohle and L. Vargha, Ber., 62, 2435 (1929). 
15) R. Nodzu, This Bulletin, 10, 122 (1935). 
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of distillate, mg. 


0) 
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Fig. 2. Acetol formation from 1-O-methyl-p- 
fructose (—O—) (5.4g.) and from p-fruc- 
tose (—@—) (5.0g.) in 200 ml. of potassium 
hydrogen phosphate buffer solution (ca. 40%, 
PH 6.7); 250ml. of distillate was collected 
for each 90min. The amount of acetol was 
determined by iodometric titration. 
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Fig. 3. Acetol formation from 6-O-methyl-p- 
glucose (—O—) (5.4g.) and from p-glucose 


(—@—) (5.0g.) in 200ml. of potassium 
hydrogen phosphate buffer solution (ca. 40%, 
pH 6.7); 250ml. of distillate was collected 
for each 90 min. The amount of acetol was 
determined by iodemetric titration (solid line) 
and corrected by UV. absorption measurement 
(dotted line). 


solution. One milliliter of N/10 KI-I: solution 
corresponds to 0.73 mg. of acetol. The amount of 
acetol was plotted against time, thus distillation 
curves were given for each sugar and derivative 
respectively (Figs. 1—3). 

Every distillate was collected, and acetol in the 
distillate was treated with 5-fold equivalents of 
semicarbazide hydrochloride and of sodium acetate. 
The mixture was heated over a boiling water bath 
for 30 min., cooled and concentrated under reduced 
pressure. Acetol semicarbazone was separated and 
repeatedly recrystallized from hot water to give 
colorless needles. Melting point and mixed melting 
point 199~200°C. 


— 
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TABLE I. ACETOL FORMATION FROM PARTIALLY O-METHYLATED HEXOSES 
Acetol semi- 
Distillate Acetol* 
3 Die Ce re 5 
Sample pony mg. irbazone 
mg. 
3-O-Methyl-p-glucose 
3-O-Methyl-p-glucose 10.8 g. 2400 79.3 0 
Glucose 10.0g. 2400 251.6 70 
1-O-Methyl-p-fructose 
1-O-Methyl-p-fructose 5.4g. 3000 269.8 83 
Fructose 5.0g. 3000 218.2 65 
6-O-Methyl-p-glucose 
6-O-Methyl-p-glucose 5.4g. 3000 322.6 100 
(288 .9)** 
Glucose 5.0g 3000 2 5 ae | 60 


* Calculated from the titration of iodine 
was present). 


consuming 


substances (assuming only acetol 


** Corrected value from the peak hight of UV absorption spectrum. 


Results and Discussion 


The results which are shown in the above 
table and figures can be expressed as follows. 

i) In the case of 3-O-methyl-p-glucose(II), 
the formation of iodine-consuming substances 
were depressed in a marked degree. Acetol 
semicarbazone could not be isolated, and the 
ultraviolet absorption spectrum of the distillate 
did not show the characteristics’? of acetol. 
Thus, the introduction of 3-O-methyl group 
was shown to hinder the formation of acetol 
from glucose. 

ii) On the other hand, remarkably rapid 
formation of acetol from 1-O-methyl-p-fructose 


(1) was observed; the rate of formation was 
about twice that from the parent fructose. 
Acetol semicarbazone was actually isolated 


from the decomposition distillate of 1-O-methyl- 
D-fructose as well as from that of p-fructose. 
iii) 6-O-Methyl-p-glucose(III) also showed 


enhanced rate of acetol formation, and the 
CH.OCH CH.OCH; CH; 
co CHOH COH 
CHOH co co 
CHOH ’ CHOH " CHOH 
CHOH CHOH CHOH 
CH.0O; CH.:OH CH.OH 
I U 
CH; 
Co 
co 
CHOH 
CHOH 
CH:OH 


16) R. Nodzu and R. Goto, ibid. 11, 281 (1936). 


amount of acetol was even greater than that 
of glucose. The amount of acetol estimated by 
iodometric titration was corrected by the peak 
height of ultraviolet absorption spectrum and 
was shown in Fig. 3 (dotted line). These 
facts might mean that the introduction of 6-O- 
methyl group would raise the amount of acetol 
formation but not the rate of formation. 

It is well known®:? that O-alkylation of the 
hydroxyl group located at the 5-position to the 
carbonyl group always facilitates an elimination 
of alkoxyl anion more (compared with that 
of hydroxyl anion from parent compound). 

In the present instance, the formation of 
acetol was accelerated by introduction of 1-O- 
methyl (and 6-O-metyl) group into hexose. 
These facts mean that §-hydroxy-carbonyl elim- 
ination from 3- (and/or 4-) ketohexose is 
Operating on an essential pathway of this reac- 
tion, and that oxidation-reduction mechanism 
(the pathway b cited above) do not play an 
important role. 

These processes may be written as follows: 


CH.OH CH.OH CHO 

CHOH CHOH CHOH 

CHOH CHOH CHOH 

co " & "  CHOH 

COH COHH CHOH 

CH: CH,OCH, CH.OCH, 
I 

CH.OH 

CHOH 

CHOH 

Co 

co 

CH, 
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3- or 4-ketohexose in the above scheme may 
actually be a hexose-2, 3- or 3,4-enediol. Ac- 
cording to Isbell’? (IVa, b) and to Whistler”? 
(1Vc), a direct intermediate from which alkoxyl 


anion is eliminated may be an_ enediolate 
anion. 
CH:OR CH.OH CH.OR CH.OR 
COH CHOH ©COH COH 
co CHOH | C-O Cc-O 
CHOH CO CHOH © CHOH 
CHOH COH CHOH CHOH 
CH.OH CH.OR CH.OH CH.OH 
IVa IVb IVc 


These enediol or enediolate are quite prob- 
able intermediates in the transformation of 
sugars’, in fact Sowden’? offered a_ solid 
experimental evidence of the existence and of 
the important role of the hexose-3, 4-enediols 
in the isomerization of hexose. 

With above illustrations, the behavior of 
3-O-methyl-p-glucose (II) can be well under- 
stood in the following way. 


CH.OH CH.OH 
does not co COH 
proceed aS 7 

to COCH,; COCH, 
IVa, b CHOH ™ CHOH 

or : : 

IVc CHOH CHOH 

CH,OH CH;OH 

CHO CHO 
CHOH co 
CHOCH CH: ' 
: ne CH,.OH 
CHOH CHOH 
CHOH CHOH 
CH,OH CH:OH 
II Vv 


First, under the influence of carbonyl group 
located at C-1, the elimination of OR© (OCH;°) 
anion from 3-position (§- to the carbonyl 
group) is facilitated. Thus, 3-deoxyosone (V) 
(or its enol form) may be formed, and make it 
difficult to transform the C-1 into methyl group. 
Second, 3-O-alkyl group hinders the enol trav- 
erse down the carbon chain to form IVa, b or 
IVc, which is required for formaticn of acetol. 

When the above illustrations are applied to 
a pentose, 5-hydroxy-carbonyl elimination from 
a 3-ketose will proceed as follows: 


17) H.S. Isbell, J. Research NBS., 32, 45 (1944); and also 
refer to the excellent reviews by Sowden (loc. cit.). 

18) J. C. Speck, Jr., ‘‘ Advances in Carbohydrate Chem- 
istry’, Vol. 13, 63 (1958). 

19) J. C. Sowden, and R. R. Thompson, J. Am. Chem 
Soc., 80, 1435 (1958) 
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CHO CH:OH CH, CH:OH 
CHOH CHOH co CHOH 
CHOH -- CO » CO or CO 
CHOH CHOH CHOH co 
CH:OH CH.OH CH.OH CH 

VI 


The actual intermediates from which hydroxyl 
anion is eliminated may be an enediolate anion 
Vila or VIIb. These endiolate anions would 
be derived either directly from VI or from VIII 
by prototropy. 


CH:OH CH.OH CH.OH CHO 
COH COH COH COH 
co co + CO CHOH 
CHOH CHOH CHOH CHOH 
CH.OH CH.OH CH.OH  CH.OH 
Vila VIIb VIII 


Examination of these formulae of the inter- 
mediate shows that 5-hydroxy-carbonyl elimina- 
tion may take place either at C-1 or at C-5 
with equal chance. Or strictly speaking, con- 
tribution of the lower C; part of the pentose 
may be greater than that of the hexose. In 
other words, the intermediate for formation of 
acetol from a pentose might have a high degree 
of symmetry. This was proved to be the case 
as was described in Part XI of this series of 
papers”. 

From the above discussion, it should be 
clearly evident that 5-hydroxy-carbony] elimina- 
tion from 3-ketose (and/or from 4-ketose in the 
case of hexose) takes place as an essential part 
of the general mechanism of the acetol for- 
mation. 

Fate of the a-diketones, formed by S-hydroxy- 
carbonyl elimination, is supposed as follows: 


CH CH CH 
co co co 
co CHOH CH.OH 
CHOH CO 
CHOH CHOH COOH 
CH.OH CH:OH CHOH 
CH-OH 
CH; CH CH 
Co Co co 
co » CHOH CH:OH 
CHOH co 
CH.OH CH.OH COOH 
CH:OH 


i) In the pH region where formation of 


acetol is to be observed (pH 3~11), these 


_ 


— 
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a-diketones do not rearrange*! by a benzilic 
acid type of reaction to yield saccharinic acids. 

ii) These a-diketones would be isomerized 
into S-diketones*? (diacylcarbinols), and then 
hydrolytically cleft into a-ketol and acid. 

ili) Among these processes, no skeletal rear- 
rangement of the C; and of the C; chain would 
take place, and this third supposition had its 
evidence as already described in the Part X of 
this series of the paper”. 

Isomerization of the a-diketone into §-di- 
ketone (diacylcarbinol), is one of the general 
transformations of ketol, and an example by 
Hesse and Stahl’ illustrates a quite similar 
reaction of the isomerization of pentane-2, 3- 
dione-4-ol to diacetyl carbinol. 

The resulting diacylcarbinol is quite reactive 
and is facile to be cleft hydrolytically according 
to the following general formula?!~°, 


-R'' — R-CO-CR'HOH + R''-COOH 


and R''-CO-CR'HOH + R-COOH 
R=R''=Et, R'=Me 
R=R’'=R''=Me 

R=R''=Me, R'=H 
R=R''=Ph, R'=H 


(House?) 
(Juni and Heym=*) 
(Combes=*) 


(Karrer**) 


This hydrolytic cleavage can be taken as an 
extreme case of an acyloin cleavage’? which 
is shown as follows: 


R-C-CH-R 
0O 
H 


» RCOOH + R-CH,OH 


A benzilic acid type of rearrangement proceeds with 
a rate proportional to concentration of OH~ ion. In 
addition, in one of the most simple examples of the 

rearrangement, methylglyoxal produces lactic acid (cf. J. 
C. Sowden and E. K. Pohlen, J. Am. Chem. Soc., 80, 242 
(1958).) only in alkaline solution that is stronger than N/ 
100 NaOH (about pH 12) (cf. V. Prey et al., Monatsh., 85, 
1186 (1954)). 

*2 Further £-hydroxy-carbonyl elimination from this ,- 
diketone might result. In the case of hexose, CH;COCO- 
CHOHCOCH; (Nodzu’s acetylformoin) may result by 
elimination reaction. As was reported earlier, Nodzu 
confirmed the formation of acetol and of pyruvic acid by 
a (hydrolytic) cleavage of this compound. 

In a sense, the present work appears to offer a theoreti- 
cal and experimental evidence for part of Nodzu’s mecha- 
nism, and the present author will not exclude the possibil- 
ity that in the case of hexose Nodzu’s mechanism operates 
as a minor pathway of the acetol formation. 

20) G. Hesse and H. Stahl, Ber., 88, 2414 (1956). 

21) H. O. House and W. F. Ganon, J. Org. Chem., 23, 
879 (1958). 

22) E. Juni and G. A. Heym, Arch. Biochem. Biophys., 
67, 410 (1957). 

23) A. Combes, Compt. rend., 111, 421 (1890). 

24) P. Karrer et al., Helv. Chim. Acta, 33, 1711 (1950) ; 34, 
1014, 1498 (1952). 

25) D. B. Sharp and E. L. Miller, J. Am. Chem. Soc., 
74, 5643 (1952). 
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These hydrolytic cleavages may take part in 
constituting the side reactions in the following 
way: 


CH; CH; 
co co 
Co - COOH (pyruvic acid for- 
CHOH z mation) 
(CHOH) CH:OH 
CH.OH (CHOH) 
CH:OH 
CH, CH; 
co COOH 
CHOH + 
co ~” CH,OH 
(CHOH) co 
CH:OH (CHOH) 
CH.OH 


The accompanying formation of pyruvic acid 
with acetol is already referred to”. But the 
origins and the mode of the formation of the 
other minor products still remain to be 
resolved. 

As for the role of hydrogen phosphate in 
the formation of acetol, the following inferences 
seem to be possible: a) acting as an effective 
buffer solution keeping the pH of the solution 
nearly constant. Without these buffers, the pH 
of the solution decreases remarkably to about 
3*3, b) acting as a base as well as acting as 
an acid, thus promoting the transformation of 
sugars! and promoting elimination of OH®° 
anion and of a proton from some intermediates, 
c) raising the reaction temperature and raising 
the dielectric constant of the solution to facili- 
tate the ionic processes. These inferences will 
be examined in detail in future studies. 

Essential features of the formation of acetol 
can be summarized in the following sequences 
and are expressed in the scheme shown below. 

1) Isomerization of monosaccharides to pro- 
duce 3-ketoses (and/or 4-ketose in the case of 
hexose) or their equivalent intermediates. 

Il) $-Hydroxy-carbony] elimination from the 
3-ketose to yield methyl-a-diketones. 

Ill) Hydrolytic cleavage of $-diketone (di- 
acylcarbinol) produced by the isomerization of 
methyl-a-diketone. 


26) R. Nodzu et al., Mem. Coll. Sci. Kyoto Imp. Univ., 
A20, 197 (1937). . 

*} Formation of acetol is to be seen at pH 3~I1 with 
an increased yield with the increase in pH. Also refer to 
R. Montgomery and L. F. Wiggins, J. Soc. Chem. Ind., 66, 
31 (1947); M. L. Wolfrom and W. L. Shilling, J. Am. 
Chem. Soc., 73, 3557 (1951). 








932 


CHO 
CHOH 
CHOH -H 
CHOH ‘tH 
(CHOH) 
CH.OH 


CH.OH 
CHOH 
co H 
CHOH ‘fH 
CHOH 
CH.OH 


CH, 
co 

co 
CHOH 
(CHOH) 
CH.OH 


< 


The formation of 


transformation (van 


acetol 
example of a new combination of the 
basic reactions of carbohydrate chemistry—the 


Eckenstein reaction) and 


the benzilic acid type of rearrangement. 


no transformation and no rearrangement occur in 
in the furfural formation, saccharinic acid for- 
the transformation 
and metasaccharinic 
transformation but 
present case, 
followed by 


mation requires both 
the rearrangement, 


formation requires no 


requires rearrangement. In 


the transformation is not 
rearrangement. 


In the present instance, needless to add, much 


in the case of hexose 


the 


Jun’ichi HAYAMI [Vol. 34, No. 7 
CHO CHO 
COH COH 
CHOH CHOH 
CHOH CHOH 
(CHOH) (CHOH) 
CH.OH CH.OH 
1] steps 
CH.OH CH.OH 
COH COH 
co C-O 
CHOH CHOH 
(CHOH) (CHOH) 
CH.OH CH.OH 
gates ag oy 
, in the case of hexose 
CH, 
COH 
co 
CHOH en oe 
(CHOH) 
CH.OH 
CH CH 
C-O C-O 
CHOH CH.OH 
C-O — 
(CHOH CO:H 
CH.OH (CHOH) 
CH.OH 
CH CH 
C-O C-O 
CHOH CH.OH 
C-O — 
C-O CO:H 
CH C-O 
CH 
constitutes one possibility of another pathway which competes 


with the acetol formation is expected though 
the nature of such a competing reaction is 
entirely unknown. 
Study on the individual 
the present instances is in 
will be reported later. 


two 


reactions involved 
progress and 


While 


and 
acid The author wishes to express his sincere 
thanks to Professor Ryozo Goto for his kind 
guidance and encouragement throughout the 
any _- course of the present work. 
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Several quantum-chemical reactivity indexes 
for the conjugated system have been proposed 
in LCAO MO ttreatment and each of these 
quantities has been found to explain well the 
experimental results. One of these indexes is 
the superdelocalizability, S,. This is derived 
from the frontier electron theory” and has been 
proved to be an excellent guide to explain 
various experimental results of conjugated 
molecules. In the larger molecules, however, a 
laborious calculation is required to obtain its 
value. Therefore, a method to be a good 
appoximation to S,, which would make com- 
putation considerably easier, may be looked 
forward to. In this view the authors derive a 


new reactivity index, S, for alternant hydro- 
carbons. That is, S, is the ratio of b,.m-—; to 
a», Where am and b,,m-; are the constant 
terms of expanded secular determinants given 
by Eq. 4. In this paper, values of S, are com- 
pared with exact values of S;,, and also with 
experiments together with the _ localization 
energy. 

In spite of its extreme simplicity, S, is a 
good reactivity index of the alternant hydro- 
carbon. Accordingly, it is suggested to use 
this index widely for the purpose of concise 
explanation of reactivity of large alternant 
hydrocarbon molecules. 


Theoretical 


Superdelocalizability, S,, is given by the 
following formula” 

i ae 
cl ( wth ) 


l 4 


S; (1) 
where c,’ is the coefficient of the rth atomic 
z-orbital in the jth molecular orbital, and 2 
is the energy of the jth molecular orbital in 
unit of § (the resonance integral of benzene), 
respectively ; vs; is the number of electrons in 
the jth molecular orbital, » is the number of 
electrons at the pseudo-z orbital in the transi- 
tion state and stands for 0, 1 and 2, for an 
electrophilic, radical and nucleophilic reaction, 
respectively. Also WN _ represents the total 
number of molecular orbitals. 


1) K. Fukui, T. Yonezawa and C. Nagata, J. Chem. 
Phys., 27, 1247 (1957). 

2) K. Fukui, T. Yonezawa and C. Nagata, ibid. 26, 
831 (1957). 


In our previous paper”? a function G,(y) is 
defined as 


G,(y) = 4,,(iy) /iy4d (iy) (2) 


where 4(A) is the secular determinant for the 
isolated molecule, and J4,,(A) is the (rr) minor 
of J(A). In Eq. 2 the argument 2 is replaced 
by iy. In alternant hydrocarbons, Eq. 1 is 
represented, using the function G,(y), by an 
integral formula as 


(—§) . 
S, * f G,(y)dy (3) 


The determinants J(iy) and dZ,,(iy) are 
expanded in the forms; 


(-—1)"4(iy) =y’"+a,82y"" 


a,fty oe er +QAy B 
A..(iy) ’ (4) 
(=1) 9 ay? +b, pty" 
iy 
b, 2B *y?™ b F 


It is proved algebraically that 


a>0O (i=1,2,:-::: ,m) 
BaP G=1,2,°->* ,m-—1) 
bis & 

= (j=0, 1, 2, ----- m—1) (5) 
a; a 
en 
: ~—s (j7=0, 1, 2, +++: m—1) 

a a 

(b 0, a =—b, L, & «a= 


Considering the conditions of Eq. 5, one can 
easily show that G,(y) is positive with respect 
to all the real values of y. Further, it is 
clearly seen that G,(0) is equal to b,,m-1/@m- 
8-*, and that G,(y) is an even function of ) 
and converges to zero according as y tends to 
infinite, and & G,(y) is negative with respect 
to all the positive values of y. The curve of 
G,(y) plotted against y can be qualitatively 
shown in Fig. 1. The integration of curve | 
in the range o<y<+oo gives the value of 
S, exactly. Here, we adopt an approximation. 
In place of curve I, the integration of curve 
II is carried out. Its value is equal to G,(0) 
between —z(—§)/2 and +z2z(-—§)/2 and is 
zero for | y| >z(—§)/2. If we designate the 
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TABLE I. THE VALUES OF S, AND S; IN SEVERAL ALTERNANT HYDROCARBONS IN COMPARISON 
WITH EXPERIMENT 


Compound Position _S, S, Compound Position 5S, S, 
Benzene 0.833 0.750 Pyrene 3* 1.150 1.444 
2 2 417 
Naphthalene 1* 0.994 1.222 4 ee : on 
z 0.873 0.889 tis are 
0.703 = 0.555 1, 2-Benzanthracene 9 1.250 2.184 
Anthracene 9* 1.314 2.500 10 1.186 1.939 
1 1.073 1.625 5 1.060 1.510 
2 0.921 1.125 8 1.039 1.449 
Naphthacene 12* 1.505 3.800 3, 4-Benzpyrene** 5* ~- 3.000 
l 1.121 2.000 6 — 1.667 
F A 0.961 1.400 7 1.667 
Pentacene 13* 1.794 6.250 1,2,5,6-Dibenzanthracene 9* 1.146 1.750 
14 1.634 5.111 3 1.040 1.444 
I 1.154 2.361 4 1022 1.361 
2 0.991 1.694 
Phenanthrene 10* 0.997 1.240 * Experimentally most reactive position in the 
1 0.978 1.160 molecule. 
0.940 1.140 ** S, of this componud has not yet been 


. 
3 0.892 0.960 obtained. 
a 


0.859 0.840 


TABLE I]. THE VALUES OF S,+S; AND PARA-LOCALIZATION ENERGY IN COMPARISON 
WITH EXPERIMENTAL DATA OF DIELS-ALDER REACTION 


= Para-localiza- 


Compound Position S,+Ss tion energy Experiment 

Hexacene (6, 15) 17.713 3.16 reactive 

(5, 16) 12.857 3.23 

(1, 4) 4.772 3.61 
Pentacene 6, 13) 12.500 3.18 reactive 

(5, 14) 10.222 329 

(1, 4) 4.772 3.61 
Naphthacene (3, Ez) 7.600 3.25 reactive 

(1, 4) 4.000 3.62 
, 2-Benznaphthacene (6, 11) 6.543 3.28 reactive 

(5, 12) 5.889 3.36 
Anthracene (9, 10) 5.000 3.54 reactive 

(1, 4) 3.250 3.63 
1, 2-Benzanthracene (9, 10) 4.163 3.41 less reactive 

(1', 4’) 2.204 3.78 than anthracene 
1,2,3,4-Dibenzanthracene (9, 10) 3.539 3.49 less reactive 

(5, 8) 2.769 _ than anthracene 
1,2,5,6-Dibenzanthracene (9, 10) 3.500 3.59 less reactive 

al 4’) yy o9) 3.79 than anthracene 
Naphthalene (1, 4) 2.444 3.68 not reactive 
Phenanthrene (1, 4) 2.300 3.77 not reactive 


Benzene (1, 4) 1.504 4.00 not reactive 
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an 
Fig. 1. The curve of the function G,(y). . 
integration of curve II by S,, it follows that 
=(— 8) 
(—§) . 
S,=-— G,(0)dy ‘ 
z x(— 8) 
x( ) 
( B) : b, m-loa» b, n<— 
3 dy 
z x(—p) &m am 
2 S, 
(6) Fig. 2. The relation between S, and S,. 
np 1619 
a 1.170 i 
1754 2 
ay 1225 eee 
16177  Aoniine “ey 
1.755 4.383 2.958 , 1651 
7 ? Ps 
4 , ” jn il 
YO 1.693 “573 1.3640 
2.480 1.564 2.600 1.573 1.320 1.610 
MY Y1958 f 5.641 YY 1.289 
5.000 1.819 2.691 1535 ° 2.556 2.000 
ea ? 
a y r 
tind tie ie YY. 862 OY 1.166 
2.797 1.547 2.561 1.862 2.137 1.476 
4 1.109 
a , Ps Ww 1.686 
Raga gag Z a 1.813 


} | 
Oe 
3.490 


1.830 


1.703 


| 
A 2.249 


893 2044 


(A thick line in the diagram designates the most reactive bond in the molecule.) 
Fig. 3. Prediction of the most reactive position and bond of some condensed aromatic 


hydrocarbons by the values of S,. 
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Accordingly, it can be calculated very easily 
even in larger conjugated hydrocarbons. In 
Appendix I, a simple way of obtaining the 


values of a, and b is given by using the 


expansion formulas of secular determinant, 
wich have already been treated in our previous 
paper”. 

Bearing in mind the result of our previous 
paper, we obtain an equation which can 
relate S, with Dewar’s approximate localization 
energy, /,. That is, 

2 Zz 


= - B (7) 


(-5)(G,(0))*/ (Se) : 


Results and Discussion 


The calculated values of S, in different 
positions of some aromatic hydrocarbons are 
shown in the following tables in comparison 
with experimental data together with other 
reactivity indexes. 

In Table I, the calculated values of S, and 
S, in several hydrocarbons are indicated. The 
experimentally most reactive positions are 
shown by an asterisk and the figures corre- 
sponding to the predicted most reactive position 
are shown by heavy asterisks. The larger the 
value of S, is, the more easily that position is 
to be attacked. The parallelism between the 
values of S, and S, is very intimate, indicating 
that the latter can be a good approximation to 
the former. It is seen that S, is also a good 
index for explaining the relative reactivity 
between different molecules. For instance, the 
order of susceptibility of three hydrocarbons 
to a substituting agent—methylformanilide—is: 
anthracene > 1, 2-benzanthracene > 1, 2, 5, 6-di- 
benzanthracene Furthermore, through the 
experiment of Fieser and Hershberg? 3, 4- 
benzpyrene was found to react more readily 
with lead tetraacetate than 1,2,5,6-dibenz- 
anthracene. This order of reactivity in heteroly- 
tic reaction is in agreement with the order in 
homolytic reaction; that is, Szwarc showed 
that the order of methyl affinity of some poly- 
condensed aromatic hydrocarbons was: naph- 
thacene > anthracene > 1, 2- benzanthracene > 
phenanthrene> naphthalene> benzene These 
experimental data are expected from the values 
of S, in Table I. 

Thus, S, itself can be a good reactivity 
index. But, if one would desire to obtain an 
approximate value of S, from the value of S,, 
we can do that by the use of Fig. 2, which 


3) K. Fukui, C. Nagata, T. Yonezawa and A. Imamura 
This Bulletin, 32, 450 (1959) 

4) L. F. Fieser and J. L. Hartwell, J. Am. Chem. S 
60, 2559 (1938) 

5) L. F. Fieser and E. B. Hershberg, ibid., 60, 2542 
(1938) 

6) M. Szwarc, J. Polymer Sci., 16, 367 (1955) 
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, A — 3 a awn , 
WAYYNY —— 
~~ i 
ss Qo rx 
\ 
; ms ) 
- a J 
ad — —" 
, - wy 
= - 3 ae, 
Fig. 4. General formulas for evaluating the 
value of a 
a 4 © i il a A“ 
ray Bd: 4 p 
rey sy ’ { 
\ 4 
LA / A \ 
\ —_ —— 
gly, Vr ' 
4 } 
= ‘_” a}. 
‘ vat \o 
12 
hs, & a ~ > ( ee te 
a Sy B, 0 e204) 
15 
Sie yaosy 
Bie oa ray ae 
17 
Fig. 5. General formulas for evaluating the 


value of b,,» 
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provides the numerical relation between S, and 
Ze 

In Table II, the values of S, +S, are compared 
with the values of Brown’s para localization 
energy for some polycyclic hydrocarbons. In 
the simultaneous addition reaction the sum of 
superdelocalizability at the attacked positions 
was found to be a good index in our previous 
study”, accordingly, S,+S; also is expected to 
be a good index of addition reaction. In Table 
II a coincidence between the values of S,+S 
and para localization energy is observed and 
both of these indexes explain well the observed 
data in the Diels-Alder reaction. 

In Fig. 3, predictions of the reactivity of 
some hexa-cyclic and larger condensed hydro- 
carbons are made. In this figure the molecules 
treated by Gore using Dewar’s approximate 
localization energy method were omitted, and 
the values of S, at the most reactive position 
and of the most reactive bond in the molecule 
are shown. Comparison of these predictions 
with actual reactivity is hoped to be carried 
out by future experiments. Calculation of S 
of the molecules having as many as eight or 
more benzene nulei is not tedious. The simple 
method of calculation proposed in this paper 
will find its applicability in a discussion of 
reactivity of larger molecules. 


Faculty of Engineering 
Kyoto Universit) 
Sakyo-ku, Kyoto 


7) K. Fukui, T. Yonezawa and C. Nagata, This Bulletin, 
to be published 
8) P. H. Gore, J. Chem. Soc., 1954, 3166. 


Appendix I 


We derive several formulas which are useful for 
calculating the values of a» and 5B, 1. By using 
these formulas, a», and 6,,,,-; in larger molecules 
can be obtained by utilizing those of smaller mole- 


cules. Some of these formulas correspond to the 


(a) 


(b) 
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expansion formulas of secular determinant pre- 
viously derived by the present authors» and the 
number of each formula corresponds to the number 
of the type in Figs. 4 and 5. 

(A) General formulas for evaluating the value 
of a 


(1) DO) J(0) 

(2) D(O)=4,(0)42(0) 

(3) D(O) 4, (0) 42(0) 

(4) D(0)=4,(0)42(0) 

(5 D(0) = Jrrss(O) 

(6) D(0)=4(0)—4J,,s;(0) —2(—1)”*5*'4,;5(0 

(7) D(O)=—4(0O)+4,rss(0) —2(—1)”*5*'4,;5(0) 

(8) D(O)=4(0)—4,,s;(0) —2(—1)”*5*'4,;(0) 
(42;(0) 4(0) Jyrs;(0)) 

(9) D(O) 4,,(0) 

(10) D(O) 4,,(0) — 45;(0) +2(-—1)’ '4,;(0) 

(11 D(0) 4,(0) de..(0) 

(12 D(0) = 4,(0) doss(0) 


The values of a» in polycondensed aromatic 
hydrocarbons are easily obtained by classifying 
these compounds into the following several types 

(B) General formulas for evaluating the value 


of b 
D(A) ,) 
(1) = 4(0) : Se 
4 a 4 2 
(2) D(A) 2410) bey(a) 
/ 2 / a 
DA) A) 
‘33 L < 3.4(0 = 
4 2 4 2 
D(A) J i) 
(4) = J(0) < Sa 
4 2 4 ri 
4ss(A) - 1)? 4 4) 
2( ) 
v) 2 , 2 
D(A) ( 
(5 at 24(0) drr(A 
4 a 4 2 
Su(2) Arrss(O) + 2(-1 ob0 
4 2 4 2 
J(0) (n+1 
4 J(0 2n—1 
1 ] 
4(0 : Li 
] 1 5 
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\ 
YH? 4(0)=—(4n-8)? 
Pe Out 
! 
n-2 
P J(0)=—(4n-8)? 
ssi " 
Y -™ J(0)=—(3n—5)? 
; lL) 
n—2 
a 4(0) = —(S5n—12)° 
n—3 
J(0)=—(3n—4)? 
} 
2 
4J(0)=—-—(4n—7)? 
4J(0)=—(4n-—9)2 
r-3 
J(0)=—(S5n—12)? 
j 
J(0) (6n— 16)? 
r-4 
4(0) (3n—6)? 
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D(A 4A 
(6) (—“) ~ drr(0) - (S$) 
—A, /3. —A J/g 
D(A) ( A(a 
(7) 2) = 24,-0)4+( 
sees A= =_ A= 
( D(a) 4d(A) 
(8) ft. | — 34,,(0) —(— ) 
st as —A /j- 
{ D(A) 
mH (= - {Arr (0) + 4es(0)} 
= hs 
4rrss(A) \ 
= 2 
ao) { D(a) ) 4(4) 4 A) 
A i= 4 Z A 2 
— 2(—1)? (4: = 
a 
(11) D(z) 4(a) 
a vy a- 33 
{4,+(0) + 4ss(0)} (Arr 4) 
4 2 
(J) 
—2(-1)’ (4 2 } 
a 
D(A) { A(a) \ 
(12) ~ } | ee 
—i /3- —A /3- 
(A) 
+2{4,,(0) + 4ss(0)}- “ } 
~ A 2 
—2(-—1)? i(4rs ()) 
an Ie 
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13) (2 4,(0)( #2 
4 A= A le 
ds (0) Airr(4) ) 
eae - 
(14) D(a) 4,(0) 4:(A) 
A sie 4 a 
4,(0) 4os5(0) + dexs(0)( 227 
A a 
(1s D(4) 4,(0) J, a) 
A 2 A 2 
24,(0) doss(0) — Jox.(0)( 27 
4 A 
Dh 
(16 =! 4,(0) 4-(0) 
A 2 
4:(0) 4; (4) 4,(0) Bocs(A) ) 
—=s a 4 Pl 
= D(A) 
(1 : 2.4,(0)4.(0 
4 A 
4.00 Jj A) 4,00 Se<(A) 
4 2 vi ae 


where J(4) and D(2) is the secular determinants 


of a molecule before and after the growth and 
4,s(A) and 4 (A) are the (rs) and (rrss) minors 
. respectively 


of Jt, 


Effects of Various Organic Compounds 


Part [° 


By Shunsuke MuRAHASHI, Shun’ichi NOZAKURA and KOichi HATADA 


(Received October 1, 1960 


Much literature has been published in regard 
to the polymerization of olefins with Ziegler 
type catalyst. However, only a few of them 
have given the information as to the polymeri- 
zation of monomer containing any heteroatom 
such as oxygen, nitrogen, sulfur or halogen». 

It is considered that the electron-donating 
character of these atoms causes strong complex 
formation between the compound and the 
catalyst leading to the inhibition of anionic 


This work was presented at the 13th Meeting of the 
Chemical Society of Japan, Tokyo, April, 1960. 

1) J. Lal, J. Polymer Sci., 31, 179 (1958); E. J. Vanden- 
berg et al., ibid., 41, 519 (1959); R. F. Heck and D.S 
Breslow, ibid., 41, 520 (1959); G. Natta et al., Angew. Chem., 
71, 205 (1959); W.S. Etlis et al., Visokomolek. Soed., 1 
1403 (1959); E. J. Vandenberg, Ital. Pat. 571741 (1959); 
Ger. Pat. 1030562; 1031515 (1958). 


coordination of the double bond of the monomer 
to the catalyst. 

The authors have previously investigated the 
polymerization of allylchloride*? with Ziegler 
catalyst and found that the Friedel-Crafts type 
reaction caused by compounds containing Al 
Cl bond such as Et-AICl, EtAICl, or AICI 
formed in the system is essential in the poly- 
merization. 

It should be interesting to investigate the 
effect of the usual organic compound containing 


heteroatom on the polymerization by Ziegler 
catalyst using styrene as a monomer. From 
such experiments any information would be 


2) S. Murahashi, S. Nozakura and K 
Bulletin, 34, 631 (1961). 


Hatada, This 
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expected to be drawn in correlation to the 
polymerization of any monomer containing 
heteroatom by this catalyst. 

From this point of view, about forty com- 
pounds including halides, oxides, carbonyl 
compounds, amines, nitro compounds, nitriles, 
sulfides and phosphines, were examined. The 
stereospecificity of the Ziegler catalyst for the 
poly merization of styrene was lost by all of them 
excepting halobenzenes, di-n-hexyl ether, tri- 
phenylphosphine, thiophene and furan. These 
exceptions did not destroy the stereospecificity 
but modified the catalyst system in various 
extents. 

The effects of thiophene and furan were 
studied in detail. The results indicated that 
thiophene may not be attacked so strongly by 
the Ziegler catalyst predicting the possibility 
of forming stereospecific polymers of vinylthio- 
phenes by this catalyst. However, only amor- 
phous polymers resulted from these monomers. 


Experimental 


Materials.—Styrene.--Commercial styrene was 
washed with 5 aqueous sodium hydroxide and 
water, dried over calcium chloride and distilled 
under reduced nitrogen pressure before use. 

2-Vinylthiophene.-This was synthesized according 
to Emerson», b. p. 59.0°C (46mmHg), nj} 1.5707. 
Found: C, 65.15; H, 5.54; S, 28.84. Calcd. for 
CeH-S: C, 65.41; H, 5.49; S, 29.10%. 

3-Vinylthiophene.—This was synthesized according 
to Troyanowsky®, b.p. 50.5-C (20 mmHg), n}} 1.5683. 
Found: C, 66.06; H, 5.73; S, 28.78. Caled. for 
CcHeS: C, 65.41; H, 5.49; S, 29.10 

n-Hexane.—-A commercial material was shaken 
with fuming sulfuric acid, washed with 5%, aqueous 
sodium hydroxide and water, dried over calcium 
chloride, distilled and stored over metallic sodium. 

Various Organic Compounds used as Additives.— 
Most of the compounds were obtained commercially, 
but ethylene glycol dimethyl ether, di-n-butyl sulfide, 
triethylphosphine and _ triphenylphosphine’ were 
synthesized. All were purified by the usual methods 
and distilled under dry nitrogen before use. 

Triethylaluminum and Titanium Tetrachloride.— 
Triethylaluminum and titanium tetrachloride were 
supplied by Mitsui Chem. Ind. Co. and by Osaka 
Titanium Co., respectively, and both were used as 
solutions in n-heptane. 

Polymerization of Styrene.—A 50 ml. five-necked 
flask®? was fitted with a thermometer, a nitrogen 
gas inlet tube and rubber caps, and was flushed by 
dry nitrogen. Then 20ml. of n-hexane and 0.25 g. 
(0.00132 mol.) of titanium tetrachloride were charged. 
While boiling the mixture gently, 0.15 g. (0.00132 
mol.) of triethylaluminum was added slowly, and 
heating was continued for further five minutes and 
cooled. After precipitating the solid catalyst com- 
plex the supernatant liquid was removed by a 


3) W. E. Emerson and T. M. Patrick, “Organic Syn- 
thesis’ Vol. 38, (1958), p. 86. 
4) C. Troyanowsky, Bull. soc. chim. France, 1955, 424. 


[Vol. 34, No. 7 


hypodermic syringe equipped with a long needle 
under dry nitrogen. The catalyst was washed three 
times in the flask with 20ml. of n-hexane and 
then 20ml. of n-hexane and 0.15 g. of triethylalu- 
minum was added. The catalyst mixture was 
heated to about 60°C and 0.01 mol. of additive 
compound was added. After the mixture was kept 
at 60°C for fifteen minutes with occasional shaking, 
Sml. (4.54g.) of styrene were charged. The 
polymerization was performed at 60°C for 4hr. 
All the procedures were carried out under a stream 
of dry nitrogen. The polymerization was stopped 
by adding 10 ml. of methanol and 1 ml. of concen- 
trated hydrochloric acid. The polymer was preci- 
pitated by pouring the mixture into about 300 ml. 
of methanol. After standing overnight, the polymer 
was collected and washed throughly with methanol 
and dried in vacuo. The polymer obtained was 
extracted with a hundred times amounts of methyl 
ethyl ketone under reflux for three hours. After 
standing overnight at room temperature the isotactic 
polymer remained insoluble was collected and 
washed with methyl ethyl ketone and dried in vacuo 
at 100'C. The stereospecificity (%) of the polymer 
was determined as 100 (weight of isotactic part)/ 
(weight of total polymer). 

Because of the poor reproducibility of Ziegler 
type polymerization the conditions and procedures 
were kept carefully as constant as possible for all 
over the runs. 


Results 
Styrene was polymerized by Ziegler catalyst 
under the same conditions described in the 
experimental part but without additive com- 
pound. The results of the four runs were shown 
in Table I. The stereospecificity of this catalyst 


TABLE I. STEREOSPECIFICITY OF POLYSTYRENE 
POLYMERIZED BY ZIEGLER CATALYST 
pac sctactic —_ Steteospeci 
Total part ficity, % 
12.3 4.3 34.8 
13.4 4.5 33.5 
13.1 5.3 38.9 
11.6 5.6 48.0 
Average 12.6 4.9 38.8 


was lower than that of the catalyst? prepared 
in boiling n-heptane in a similar manner. This 
is probably due to the lower temperature at the 
catalyst formation and also the ageing of the 
catalyst caused by fifteen minutes time interval 
before the introduction of monomer. 

The results obtained from the experiments 
with additive compounds were summarized in 
Table II. 

Halides.—When n-butyl chloride was added, 
the catalyst solid was completely dissolved 
with a violent evolution of hydrogen chloride. 


5) S. Murahashi, S. Nozakura, M. Sumi and K. Hatada, 
This Bulletin 32, 1094 (1959). 
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TABLE II. EFFECTS OF VARIOUS ORGANIC 


OF 


Type of compound Compound 


None 


( n-CsH;Cl 

C,;H;Cl 
C;H;Br 
CCl, 
CH;0CH:2CH:,0OCH; 
(n-C4H,)2O 
(n-C,gH,3)20 
Tetrahydrofuran 
Dioxane 
(CH;CHO); 


CH:2(OCH;): 
CH;CH(OC:H;)2 


CH;COCH; 
| CH COC:H; 
| Ca COCH, 
| C,H;CHO 
CH.COOC:H 
CH;COOC,H,(n) 
(CH,CO):O 
CcoH;sNH> 
C;H;N 
\ (C2H;)3N 
CH,CONH:; 
HCON(CH;): 


Halide 


Ether 


Acetal 


Ketone and 
aldehyde 


Ester and acid 
anhydride | 


Amine 


Acid amide 
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THE STEREOSPECIFIC POLYMERIZATION 


STYRENE BY ZIEGLER CATALYST 


Stereospecificity 


7) 


Change of catalyst 


6 38.8 

6 0 Dissolved, HCI evolved 
7 45.4 Unchanged 

5 39.5 Unchanged 

2 0 Dissolved, HCI evolved 
0 0 Unchanged 

0 Unchanged 

0 33.9 Unchanged 

3 0 Unchanged 

8 0 Unchanged 

5 0 Unchanged 

8 0 Unchanged 

4 0 Unchanged 

a 0 Dissolved 

7 0 Dissolved 

zm 0 Dissolved 

& 0 Dissolved 

- 0 Gradually dissolved 
iz 0 Gradually dissolved 
Db 0 Unchanged 

6 0 Dissolved, gas evolved 
2 0 Gradually dissolved 
_ 0 Unchanged 

4 0 Partly dissolved, gas evolved 
0 0 Dissolved 

7 0 Dissolved 

ee 0 Color changed® 

2 0 Dissolved 

2 0 Color changed” 

0 Dissolved, gas evolved 

7 0 Dissolved 

3 0 Unchanged 

0 0 Gradually dissolved 
8 0 Dissolved 

7 67.3 Unchanged 

2 85.7 Unchanged 
.0 0 Dissolved 

4 35.0 Unchanged 


Ethers and Acetals.—By the addition of di-n- 


Nitro compound { CH;CH(NO:)CH; 
. CsH,;NO2 
Nitrile and { CeHsCN 
azobenzene ( CsH;N=-NC.H; 
n-C;H;SH 
(n-C4Hg)2S 
Sulfur CS: 
compound Ss 
(CH3)2SO 
Thiophene 
Furan Furan 
Phosphorus { (C2Hs)3P 
compound ( (CsH;)3P 
a) The brownish black color of the solid catalyst almost disappeared. 
b) The color of the solid catalyst was slightly faded. 
Styrene was polymerized by the dissolved 


catalyst to give polystyrene in high yield. At 
the addition of the monomer, however, a red 
coloration and a remarkable temperature rising 
of the reaction mixture were observed. These 
signified cationic polymerization of styrene by 
aluminum chloride, and the resulted polymer 
was shown to be completely amorphous. The 
behavior of carbon tetrachloride was similar to 
that of n-butyl chloride. 


hexyl ether the catalytic activity was fairly 
decreased, but the stereospecificity was retained 
invariably. The isotactic part of the polymer 
obtained was swollen in methyl ethyl ketone 
and showed rather lower melting point (215~ 
217~) than ordinary isotactic polystyrene (m. p. 
230~233°). 

By the additions of the other ethers and 
acetals the appearance of the catalyst solid 
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remained unchanged but the stereospecificity 
was completely lost. 

Ketones, Aldehydes, Esters, Acid Anhydride, 
Amides and Amines.—Triethylamine did not 
affect the catalyst in appearance, but completely 
diminished the stereospecificity of the polymeri- 
zation. The catalyst solid was dissolved by the 
addition of each of all the other compounds 
listed. The dissolved catalyst showed low 
activity and gave no stereospecific polymer. 

Nitro Compounds, Nitrile and Azobenzene. 
Upon adding 2-nitropropane the catalyst was 
dissolved immediately. Nitrobenzene and azo- 
benzene changed the color of the catalyst solid, 
but did not dissolved it, while cyanobenzene 
dissolved the catalyst. These four compounds 
strongly lowered the catalytic activity, and no 
Stereospecificity resulted. 

Sulfur Compounds and Furan.— Sulfur, mercap- 
tane, thioether and sulfone, all these sulfur 
compounds examined dissolved the catalyst and 
destroyed the stereospecificity. 

Contrary to most of the compounds of this 
group thiophene and furan did remarkably 
improve the stereospecificity of the catalyst fo 
the polymerization of styrene. 
additional polymerizations were carried out by 
varying the amount of these additives, where 
the catalyst was prepared as mentioned in the 
experimental part but without washing. The 
results were given in 
which showed the same trend. 
atactic polystyrene decreased rapidly by the 
addition up to one-fourth molar ratio of the 
additive compound to titanium tetrachloride 
and remained almost constant at the higher 


10+ 








g. 





or dl. 





C,H,S/TiCl,(mol./mol.) 


Fig. 1. Effect of thiophene on the polymeri- 
zation of styrene with Ziegler catalyst. 


Curve A: yield of isotactic polystyrene 
Curve B: yield of atactic polystyrene 
Curve C: stereospecificity = 10 

Curve D: intrinsic viscosity of the isotactic 


polystyrene in toluene at 30.0°C 


A number of 


Figs. 1 and 2, both of 
The yield of 
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C,H,O/TiCl,(mol./mol.) 


Fig. 2. Effect of furan on the polymeriza- 
tion of styrene with Ziegler catalyst. 


Curve A: yield of isotactic polystyrene 
Curve B: yield of atactic polystyrene 
Curve C: stereospecificity x 107! 

Curve D: intrinsic viscosity of the isotactic 


polystyrene in toluene at 30.0°C 








= 50+ 

2 

— | 

a | 

é lh 

~0—_9 — 
( —— Suctinasinnannll cores fw 
l 2 3 4 5 
C,H,S/Et2AICI(mol./mol.) 

Fig. 3. Effect of thiophene on the polymeri- 
zation of styrene by Et.AICl. 
Polymerization temperature: 60°C, poly- 
merization time: 4hr., styrene; 5 ml., n- 
heptane: 20ml., Et.AICI: 1.32 10-* mol. 

ratios. On the other hand, the yield of isotactic 


polymer was unchanged almost constant. 

In an attempt to elucidate the action of these 
compounds the polymerizations of styrene 
catalyzed by Et,AICI were similarly carried out 
using thiophene as an additive. The results 
were shown in Fig. 3. The curve in Fig. 3 
closely resembled that of the atactic yield in 
Fig. 1. 

Carbon disulfide did not change the appear- 
ance of the catalyst but destroyed the stereo- 
specificity at all. 

Phosphorus Compounds.—Triethylphosphine 
dissolved the catalyst to lose the activity and 
the stereospecificity, while triphenylphosphine 
behaved similarly as di-n-hexyl ether did and 


gave isotactic polystyrene having a_ lower 


_— ‘Se 


a Cy 
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melting point (219~221°C) but not being 
swollen in methyl ethyl ketone. 

Polymerization of Vinylthiophenes.—2-Viny]- 
thiophene and 3-vinylthiophene were synthe- 
sized and polymerized with several catalysts of 
the Ziegler type. All of the polymers obtained 
were shown to be amorphous by their X-ray 
diffractions. 


Discussion 


The additive compounds examined were 
found to fall into four groups according to 
their behavior to the Ziegler catalyst. 

Group I.—This group includes alkyl halides 
and carbon tetrachloride. The compounds 
dissolve the catalyst solid with a_ violent 
evolution of hydrogen chloride. In this case 
the polymerization shows a sign of cationic 
process and givesan atactic polystyrene in high 
yield. 

In the case of n-butyl chloride the evolution 
of hydrogen chloride takes place analogously 
to the reaction between butyl bromide and 
aluminum bromide, as follows: 


CH,CH.CH.CH.CI 
Et. AICI etc ' CH CH CH CH HCl 


In the first stage, this reaction proceeds very 
slowly by a catalytic action of small amounts 
of original species having Al-Cl linkage such 
as EtpAICI, EtAICl. or aluminum chloride, then 
becomes faster owing to a gradual accumulation 
of these compounds generated by the reaction 
between triethylaluminum and hydrogen chlo- 
ride liberated, and is finally led to the violent 
reaction. These compounds containing AI-Cl 
linkage may catalyze the polymerization of 
styrene in a cationic mechanism. 

Group II.—The compounds belonging to this 
group are ketones, aldehydes, esters, amides, 
primary and _ secondary amines, pyridine, 
aliphatic nitro compounds, nitriles, mercaptanes, 
thioethers and so on. Every compound of 
this group leads the catalyst to dissolution and 
destroys its stereospecificity as well as the 
catalytic activity for the polymerization of 
styrene. Each of these compounds has a strong 
electron donor group, an active hydrogen atom 
or any of the other functional groups, all of 
which seem to react with organometallic com- 
pounds and could probably destroy the activity 
of the Ziegler catalyst. 

Group III.—By the compounds of this group 
the catalyst is not changed in appearance, but 
the stereospecificity is destroyed. The com- 
pounds may include ethers, acetals, acid an- 
hydride and tertiary amines. All of these have a 


6) J. J. Burbage, J. Phys. Chem., 56, 730 (1952). 


Stereoregular Polymers. VIII 943 


electron-donor group and may be capable of 
forming a Lewis acid-Lewis base type complexes 
with triethylaluminum and/or with titanium 
trichloride in the catalyst. This complex 
formation must destroy the suitable site for 
the isotactic polymerization of styrene in the 
catalyst. 

It should be noted, however, that the 
stereospecificity of the catalyst is not destroyed 
by a compound having bulky — substituent 
groups around the hetero atom, such as di-n- 
hexyl ether. Triethylamine causes no dissolu- 
tion of the catalyst, although it has stronger 
electronegativity than pyridine, a member of 
Group II. This may be attributed to the steric 
hindrance around the nitrogen atom 

Group IV.—The stereospecificity of the cata- 
lyst is not destroyed by the compounds of this 


group. These includes halobenzenes, di-n- 
hexyl ether, thiophene, furan and triphenylphos- 
phine. 


By the additions of thiophene and furan the 
stereospecificity is remarkably increased, while 
the total polymer yield is relatively reduced. 
This means that the action of these additives 
is related to an inhibition of the atactic poly- 
merization of styrene by the catalyst. The 
feature is demonstrated in detail by Figs. 1 and 
2, which were obtained from the experiments 
with varying the amounts of the additives. 

When the catalyst is formed by the prepara- 
tive method used in these experiments, it 1s 
considered that more than ninety percent of 
titanium tetrachloride are reduced to titanium 
trichloride and triethylaluminum is converted 
to diethylaluminum chloride, ethylaluminum 
dichloride and aluminum chloride, all of which 
are responsible for the formation of atactic 
polystyrene by this catalyst 


Et;Al + TiCl,—Et,AICl + TiCl; + Et- (1) 
Et,AICI + TiCl,—EtAICl, + TiCl; + Et- (2) 
EtAICl, + TiCl,—AlICl; + TiCl,; + Et- (3) 


The plots in Figs. 1 and 2 were obtained 
from the experiments without washing the 
catalyst. As the molar ratio of triethylalu- 
minum to titanium tetrachloride was higher 
than unity, diethylaluminum chloride must be 
the main product among the three aluminum 
chlorides, and may be present in an approxi- 
mately equimolar amount to that of titanium 
trichloride or, accordingly, of titanium tetrachlo- 
ride used. The similarity of the two curves, 
Curve B in Fig. 1 and the curve in Fig. 3, 
indicates evidently the interaction between 
thiophene and diethylaluminum chloride being 


7) W. Gordy et al., J. Chem. Phys., 8, 170 (1940) 
8) W.M. Saltman, W. E. Gibbs and J. Lal, J. Am 
Chem. Soc., 80, 5615 (1958) 
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the substantial cause in the inhibition of the 
atactic polymerization of styrene. Probably 
diethylaluminum chloride may form an acid- 
base type complex with thiophene or furan and 
lose the catalytic activity for the cationic 
polymerization of styrene. It is remarkable 
that only one-fourth molar amount of thiophene 
or furan against diethylaluminum chloride 
sufficiently inhibits the polymerization. On 
the other hand, the electronegativities weakened 
by the conjugate system of these compound 
are supposed to be not sufficient to affect the 
active site of the solid catalyst for the isotactic 
polymerization of styrene. 

Between the actions of thiophene and furan 
some differences are found. The isotactic yield 
decreased slightly and the molecular weight of 
the isotactic polymer increased gradually with 
the increasing amount of thiophene, while 
the increasing amount of furan gave the reverse 
tendencies. The explanation of these facts has 
still not been obtained. 

Vinylthiophene gave no isotactic polymer by 
the Ziegler catalyst. This suggests that the 
active species of the catalyst for the isotactic 
polymerization of styrene does not always 
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function as an active site for the isotactic 
polymerization of any other monomers. 
Triphenylphosphine and di-n-hexyl ether, 
which have rather strong electronegativities, 
do not destroy the activity of the catalyst for 
the isotactic polymerization of styrene because 
of the steric effects of the bulky substituent 
groups on the phosphor and the oxygen atoms. 
The lower melting point of the isotactic poly- 
mer produced in the presences of these 
additives suggests that the polymer may be 
constructed by isotactic stereoblocks. This is 
probably caused by the modification of active 
center of the catalyst with these compounds. 
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thiophene. 
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Analysis of Variation of Coil Character by Aqueous Solution with Q-Meter 


By Sadaharu ToYODA 


(Received September 7, 1960) 


It is interesting in many respects to notice 
how the character of a circuit is changed by 
inserting a substance into its condenser-type 
electrode or its coil. Several papers'~' have 
been reported already, and especially the effect 
of an aqueous solution, for high frequency 
titration, has been studied by many investi- 


1) . W. West et al., Anal. Chem., 23, 1625 (1951). 


P 
2) B. W. Thomas et al., ibid., 23, 1750 (1951). 
3) F. W. Jensen et al., ibid., 23, 1770 (1951). 
4) P. H. Monaghan et al., ibid., 24, 193 (1952). 
5) P. W. West et al., ibid., 24, 1250 (1952). 
6) M. Honda, J. Chem. Soc. Japan, Pure Chem. Sec. 


(Nippon Kagaku Zasshi), 73, 529 (1952); 74, 371 (1953). 

7) D. G. Flom et al., Anal. Chem., 25, 541 (1953). 

8) T. Yano, S. Musya, T. Wada and T. Hino, Chem. 
Eng. (Kagaku Kédgaku), 20, 339 (1956). 

9) F. J. Schmidt, Anal. Chem., 29, 1060 (1957). 


10) P. F. Knewstubb et al., Trans. Faraday Soc., 54, 372 
(1958) 

11) F. W. Jensen et al., Ind. Eng. Chem., Anal. Ed., 18, 
595 (1946). 


12) W. J. Blaedel et al., Anal. Chem., 22, 734 (1950). 
13) K. Anderson et al., ibid., 22, 743, 1272 (1950). 
14) W. J. Blaedel et al., ibid., 22, 1410 (1950). 


gators'!'~?, In Ref. 25, a description was given, 
showing that the resistance of aqueous solution 
was used as an important factor for explaining 
the effect caused by the aqueous solution. It 
was based on an experiment using the resistance- 
type instrument shown in Ref. 26. 

Recently the relationship between the variable 


15) J. L. Hall et al., ibid., 23, 966 (1951). 

16) F. W. Jensen et al., ibid., 23, 1327 (1951). 

17) J. L. Hall, ibid., 24, 1236, 1244 (1952). 

18) O. 1. Milner, ibid., 24, 1247 (1952). 

19) S. Musya, M. It6 and M. Takeda, J. Chem. Soc. 
Japan, Pure Chem. Sec. (Nippon Kagaku Zasshi), 73, 482 (1952). 
20) S. Fujiwara and S. Hayashi, ibid., 74, 171 (1953). 

21) K. Nakano, ibid., 74, 172 (1953). 

22) C. N. Reilley et al., Anal. Chem., 25, 86 (1953). 

23) S. Fujiwara and S. Hayashi, ibid., 26, 239 (1954). 

24) K. Nakano, J. Chem. Soc. Japan, Pure Chem. Sec. 
(Nippon Kagaku Zasshi), 75, 494, 773 (1954) ; 76, 1096 (1955) ; 
77, 551 (1956). 

25) K. Nakano, ibid., 75, 776 (1954). 

26) K. Nakano, ibid., 74, 227 (1953); K. Nakano, R. 
Hara and K. Yashiro, Anal. Chem., 26, 636 (1954). 

27) K. Nakano and S. Shibata, J. Chem. Soc. Japan, 
Pure Chem. Sec. (Nippon Kagaku Zasshi), 76, 223 (1955). 
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resistance and the resistance of aqueous solu- 
tion at high frequency was clarified to some 
extent’. In that calculation, the equivalent 
circuit containing the variable resistance and 
the other factors was used. However, the 
value of the distributed capacity of coil, C,, 
could not be obtained by the equation for the 
coil-type instrument. Then, the value shown 
in Ref. 25 was used. In the present paper 
both the method, measuring the distributed 
capacity of coil, and the results of calculation 
for the variations of Q and C, which are based 
on the previous papers ’, will be described 
for the case of coil using the Q-meter. 


Experimental 


The Q-meter system used in this experiment is 
shown in Fig. 1. A voltage stabilizer is employed 
for the Q-meter. The curve of V/V») vs. C, as 
shown in Fig. 2, is obtained at a constant fre- 
quency, f, when the capacity of the variable con- 
denser is changed. When an aqueous solution is 
inserted into the coil, this curve shifts to the 
dotted line, as is also shown in Ref. 29. The 
variation of coil character is visualized by these 
curves. Then the quality of a coil (Q) is defined 
by the maximum value of V/V»). In the present 
paper, assuming that these curves are symmetric, 
the capacity of condenser at tuning point (or the 








Fig. 2. These curves show the variation of 


coil character. 


28) S. Toyoda, This Bulletin, 33, 504 (1960). 


29) M. Honda, K. Nakano and A. Satsuka, J. Chem. 
Soc. Japan, Pure Chem. Sec. (Nippon Kagaku Zasshi), 75, 
1299 (1954). 


30) W. J. Blaedel et al., Anal. Chem., 24, 198 (1952). 
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tuning capacity) is calculated by taking an average 
of two values (C', C'' in Fig. 2), at which the 
values of V/V») are equal to each other. This 
since the precise value can 
comparison with another 


method is convenient 
be easily obtained in 
method. 

The coil shown in Fig. 3 is wound on the quartz 
bobbin (diameter 31 mm.) which has another quartz 
tube serving as a guide for the vessel containing 


the sample solution. The number of turns of the 


coil, which consists of a copper wire (diameter 
1.3mm is 17.5 and the height of the coil is 26 
mm The vessel for sample solution is also made 


of the quartz tube, of which the inner diameter is 
17.1~3mm. The length of the sample solution in 
the vessel is 65mm. and its temperature is kept in 
oC. 


the range of 25 





Fig. 3. Relationship between sample solu- 
tion and coil, connected by equivalent 
circuit. 


Calculation by Equivalent Circuit 


The equivalent circuit of the coil containing 
the sample solution is considered as Fig. 3 
(except the effect of eddy current), where e’ 
and R show the real part of the dielectric 
constant and the resistance of sample solution 
at high frequency (3 Mc.), respectively. The 
distributed capacity of the coil consists of 
capacities, C,, C,; and C.. The notations of R 
and C, have the same physical meaning as 
that in Refs. 25, 29 and 28. The sample solu- 
tion in the coil has the capacitance, which is 
omitted in Refs. 25 and 29, under the assump- 
tion that the effect of capacitance is negligible 
when the value of the resistance (R) is not so 
great. However, at the end of Ref. 29 “the 
dielectric constant of sample solution may be 
a significant factor” has been suggested. In 
the present paper the capacitance is expressed 
by the notation <'C; in Fig. 3, since <'C; as 
well as C, has been described in Ref. 28. Then 
the equivalent circuit of the total system is 
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Fig. 4. Equivalent circuit of total system. 


illustrated in Fig. 4, taking account of the eddy 
current in the sample solution and the loss of 
coil without sample solution (R,). The resist- 
ance factor, MR, displays the effect of eddy 
current and has the same significance as KLR 
in Refs. 25, 29 and 28. The low resistance, 
R,, will be calculated from the Q-value of the 
coil without sample solution. The position of 
R, in Fig. 4 is based on Fig. 8 in Ref. 28. 

Thus the equations about Q and C at the 
tuning point are obtained by the following 
calculation. If Z, is the impedance of condenser 
C and Z,; is the impedance of the rest in Fig. 
4, Q and Z; are written as follows: 


Z 
2 A1+Z 
1 (aC )°R : R, 
Z) 1+w*(e'C C))°R R\’ + (@L) 
1 ~ wCo{1+7%e'C,(e'Ci + Co) R?} 
MR '? 1+ w?(e'C+C,)°R 
oL 
oC =A + jB (2 
Ri + (wL) . 
On the other hand, the variable condenser is 
adjusted at the tuning point under the constant 
frequency of oscillation. This means the fol- 
lowing relation, as shown in Ref. 29. 


(1) 


(Z,+Z2)imag=0 (3) 
After rearrangement, it is written as 
BoC=A*+B (4) 


Substituting the above equations into Eq. 1, the 
following relation is easily obtained. 
B 


Q A (5) 


If the Q of the coil without sample solution 
is denoted by Q), one obtains the following 


expression, substituting the condition (e¢'=1, 
R=co) into Eq. 5: 
oL i CoC; Ri \ 
a= 2 1-0 Lc bony Gey 


(6) 
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Calculation of Distributed Capacity 


The tuning capacity is shown by Eq. 4. After 
rearrangement, Eq. 4 is written as 


w'L(C +C a) (* ) | wLe 


@ 


1—2w°L(C.+C ; . ) 


| l+gx?\)2(, (RY 
w'L(C Ser ) I ba) 


(Fs) + aa to( SI 
“Wiex (Mpx)?) | \@L/ | 


2apx R 2a Ri 

l+x? oL  M(1+x°) Hox) 
—— (7) 
pMx oL 

where 
x=o(e'Ci+C,) R, a=w'LC 
Cc e'C, 

P= I'C,+C rn 10.48 


Let us take the special case when the vessel 
in the coil has no sample solution, so that the 
tuning capacity for the coil without sample 
solution, C;, is written as the following expres- 
sion, substituting the condition (e€’=1, x=) 
into the above equation. 


CC: \i, (RY) 
! wL(C 3 oi! bea} wLC, 
1—2w'L( C2 ee, 
| CH, R \’ 
a r 8) 
lw'L(C ra S ie Gre 


On the other hand, C,, C; are the order of 
magnitude 10 Farad or less and C, seems 
to be probably the same order, though C, may 
be larger than Cy or C;, and M~10", as being 
deduced from Refs. 25 and 28. As _ these 
capacities are much smaller in value than C 
(346 x 10 Farad), one obtains the following 
relation from Eq. 6. 


oL 


21> R, (9) 


Thus, taking account of Q;>1 (refer to Table 
Il), Eq. 8 is written as follows: 
1 Col 


ks ) 
ne n+e ‘- 


Neglecting the second and the third terms, the 
inductance of the coil at 3 Mc. can be calculated 
(L=8.1;,10~° Henry), so that the loss of the 
coil is 0.80;Q by Eq. 9 using Q,;=191 (mean 
value in Table II). If the resistance of the 


~_ oa ik ff 


Ws 


ie 
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TABLE I 
yas a Calcd. Exp. (mean value) 
Sample solution fi fe 
10° 107 3x 10° AC 4C 4C' 
Carbon tetrachloride © 2.17 2.17 2.17 0.026 —0.03  —0.08 *810 *37000 
, ore - 2x10" >4x10° >4x 105 — a - 
: : e! 17.4 17.4 17.4 9 15 a a “ 3295 
n-Butyl alcohol 1.110? 4.310 4x10 0.215 0.23 0.28 3895 
: i 24.5 24.1 24.3 ‘ * _ 
Ethyl alcohol : cca stem Seu 0.258 0.26 —0.31 4760 178000 

Methyl alcohol é 31 I 3! 0.29 -0.34 5560 189000 

See Sere r 2.9x108 2.2x10® 2.5x105 a a ; 

: € 35.6 34.4 35.2 _— ‘ 
Nitrobenzene ; 6.3<10° 5.8~10 610 0.305 —0.31 —0.36 5720 192000 
Distilled water é 78.2 78.2 78.2 0.39 —0.44 7880 210000 

eT ae r 5.8x10° 5.0x10° 5.5x105 . , 


* Benzene. 


Specific resistance unit, Q-cm.; capacity unit, 10 


sample solution at high frequency is very 
great, in other words x>1, all terms following 
the third term in the right-hand side of Eq. 7 
can be neglected in comparison with the rest. 
Thus, one obtains 
Cc | C C l qx 
woL l 4 
In Fig. 2, the curve of V/V 
shown by the dotted line, after the sample 
solution is inserted into the coil. Then the 
following equation shows the difference, JC, 
between the tuning capacity of the two cases 
(x=00 and x>1). 
CoC; C 1+qx 
C14+C l+x 
In Table I, the values of specific resistance 
of organic solutions and distilled water at 10°-, 
10’-cycles are calculated by the following rela- 
tion, 
1 f(e'/eo) tand 
0 1.8 x 10!” 


(11) 


vs. C changes as 


c-¢ (12) 


[{mho-cm.] (f in c.p.s.) 
as described in the literature’, and the value 
of their dielectric constants is also detailed in 
Ref. 31. The values of dielectric constant and 
specific resistance at 3x10°-cycle are deduced 
from the respective values at 10°-, 10’-cycles. 
The specific resistance of sample solution, r, 
is proportional to R. 


R=kr (13) 


On the other hand, the experimental values of 
JIC and JC’ in Table I are obtained by the 
following manipulation at 3Mc. In the first 
place, one measures the tuning capacity for the 
coil, into which the quartz vessel containing 
the sample solution is inserted, by the method 


31) Arthur R. von Hippel, “‘ Dielectric Materials and 
Applications’, The Technology Press of M. I. T. and J. 
Wiley & Sons, Inc., New York, Chapman & Hall, Ltd., 
London (1954), pp. 294, 361, 362, 364. 


Farad ; frequency unit, cycle. 


which was detailed previously. Again, the tuning 
capacity for the coil without the quartz vessel is 
measured by the same method. Thus the change 
of the tuning capacity, JC’, which is caused 
by the vessel containing the sample solution, 
is obtained by subtracting the latter from the 
former. Similarly JC’''( 0.05 we Farad), 
which is caused by the quartz vessel without 
sample solution, is also obtained. Finally, JC 
is computed by subtracting JC’’ from JC’. 
Now, let us calculate the values of C, and 
C; using the methyl alcohol and the distilled 
water as sample solutions. The following 
equation can be introduced from Eq. 12, 
C_-c CiCo e'CiC (14 
C4” 8GAC 
assuming the relations, w’e'C;(e'C; +C))R’> 1, 
w°(e'C,;+C,)°R?>1 which may be considered 
to be correct since the value of their specific 
resistance is very large in Table I. Accordingly 
the simultaneous equation for two samples is 
obtained and one can find the results C)=0.52; 
x 10~'*, C; =0.025; x 10 Farad. The capacity 
C, is neglected in the following discussions 
since the value can not be obtained by this 
method, to one’s regret. 


Calculation of Q-change and M Using 
Aqueous Solution 


It has been described in Ref. 29 that the Q 
of coil containing the aqueous solution of 
hydrogen chloride changes with the concentra- 
tion. The same results as this are obtained 
as shown in Table II and Fig. 5, when the 
quartz vessel containing the aqueous solution 
of potassium chloride or hydrogen chloride is 
placed in the coil. The values of Q; in Table 
Il are the Q of coil without the quartz vessel. 
They are used instead of the Q-value of coil 
with only the quartz vessel, since the variation 
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TABLE II 
(Qe 2§+0.5°C 
Aq. soln., N 7 oe 0.5°C) Mean value 
ycle OQ; Q Q/Q, « 100 arts 
KCl HCl 3% 10! 10 Q/Q:*100 JC'(pF) 
ae *5.5x10 190.5 190 99.7 a 
(Dist. water) a: * ~10 190 190.5 , 99.7 0.44 
10 3.3x 10 - *® 190.5 190 99.7 99.7 0.43 
10 1.37% 10 191 189 99.0 99.0 0.43 
— . 192.5 189.5 98.4 a 
10-4 1.2 4.2108 . 8:7 98.5 0.44 
ar 192 189 98.4 
10-* 6500 2.9 + - os 2 98.3 ~0.44 
7 19] 187 97.9 
x Ss >> » . - 
3x 10-4 5070 2.2 191.5 ‘ 97:7 97.8 0.46 
192.5 186 96.6 
10 3630 6600 192 185 96.3 96.5 0.49 
192 186.5 97.1 
, + . = >) 
10 1680 2140 192.5 “a 96.9 97.0 0.52 
192 186.5 97.1 - 
. 9) .7 oad ie 
3x10 1620 2280 : 187 97°4 97.3 0.54 
- 193 188 97.4 
5 ¥**7()7 : 7 
0.01 454 70 194 190 97.9 97.7 0.54 
188 185 98.4 
re. y . 
0.03 220 244 189 -s 97.8 98.1 0.56 
. _— 191 186 97.4 aa P 
0.01 18 20 28.5 te 77 97.5 0.55 
__ 192.5 183.5 95.3 , 
0.1 31.3 **77 6 ‘ 33 a3 95.2 0.55 
192.5 176 91.4 
97 ee . FA 
0.3 17.5 27.8 193 173.5 09 91.2 0.61 
192 172.5 89.8 ' 
0.1 14.0 21.6 192.5 = 89 6 89.7 0.61 
a7 , 
1 8.06 «#894 192.5 159 82.6 82.6 0.76 
3 3.34 3.40 190 132 69.5 69.5 0.94 
a 190 127 66.8 
- 2.6 = ; 6 7 
2.75 aA 189 126.5 67.0 06.9 0.9 
* Table I. 
** Ref. 32. 
of Q caused by the vessel is so small that one 
100 can not detect it. The value of Q; in Table 
tie II changes slightly in spite of an experiment 
’ made with the voltage stabilizer. And so the 
” " factor, Q/Q:, will be picked up in the follow- 
= ing discussion instead of considering the varia- 
= 80 tion of Q. After rearrangement of Eq. 5, one 
«x obtains 
a 
cS) 70 \ ( Ci (1 +qx’*)) ( m ¥ 
= l—w’L'C.4 et +/ )| 
\ Q 1+x yt oL / } 
6( ) 5 CoC, \I R, \*) 
” Q 1 wL(C =  )ire( ) 
\ Cc 3 ( oL ) 
Se 
10° 10° 10° 10 l 
r r | ( px | "vag rm ( R, ) 
a T 7 ' 
Fig. 5. Relationship between Q/Q; and I+x pMx / R, | oL } ) 


specific resistance of aqueous solution 


32) Compiled by Chem 
Chemistry (Kagaku Benran) , Maruzen, Tokyo (1953), p 


603 


Soc. Japan, ‘‘ Handbook on 


(15) 


The first term in the right-hand side is ap- 
proximately equal to unity, taking account of 
the facts that the distributed capacity is much 


— 
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TABLE III 
/ QO; R, (wCy)*R 
—1 R MR M M' 
" Vo) er 1+ w?(e'C, +Cy)?R? . 
FE 1.69 107: 16.0 1.6 107! 5.92 x 104 3.70 10 7.01 x 10 
3.34 1.50 7 19.5 1.9 7 6.67 7 3.42 7 6.12 7 
8.06 7.19x107-§ 47.1 4.6 7 1.3910 2.95 4% 4.83 7 
14.0 3.92 4% 81.7 7.9 % 2.56 7 $43? 3.73 4% 
7.3 3.29 7 102 9.9 3.05 4 2.99 4 3.49 7 
31.3 1.72 7 183 1.8 10-5 5.88 7% 3.21 7 2.42 7 
Myean=3.2x 10 


smaller than C,; and (R:/wL)*<1. Therefore, 
the behavior of the curve of Q/Q; is chiefly 
ruled by the following function of ¢’, R or x 


l = (16) 


px 
f(x) eer pMx ) Ri 


Taking it into account that the dielectric con- 
stant of aqueous solution does not change 
greatly with concentration, since it has been 
shown in Refs. 30 and 33, one differentiates 
the function with respect to x and puts the 
differential coefficient equal to zero, so that 
the following conditions, which give the 
minimum and the maximum points of Q/Q, 
curve, are obtained : 


p?M -2+1/(p?M—2)?—4( p’M +1) 
V 2(p’M +1) 
(17) 


where positive and negative signs show mini- 
mum and maximum, respectively. 

On the other hand, the specific resistance, r, 
at 3x10°-cycle shown in Table II is obtained 
by the following method. One connects the 
sample solution, which is contained in the 
proper glass pipe having the electrode of wire, 
parallel to the variable condenser of Q-meter 
and measures the Q-value, so that the next 
relation can be used: 


l QQ, «a 

aC Q; Q h 
where oa is the section area of sample solution 
and A the length of the one between two 
electrodes. 

Let us consider the minimum point of Q/Q, 

curve. Assuming p*M>1, the condition giving 
the minimum value is written as follows: 


o(2'Ci:+Co)R = 1 (19) 


The concentration of aqueous solution giving 
minimum point seems to be 10~°N of potassium 
chloride in Table II. The resistance of aqueous 
solution is proportional to the specific resistance 
of the one. Then one finds K=5.84, (Q/Q)) mi: 

97.1% by some calculations. The value of 


(18) 


33) W. J. Blaedel et al., Anal. Chem., 24, 1240 (1952) 


(Q/Qi) min iS approximately in accordance with 
the experimental value. However, one should 
be contented with such consistency taking 
account of the fluctuation in the cases when 
measuring capacity, Q-value and so forth. The 
value of M can be calculated by the following 


expression. 
1 (2: 1) R 
MR Q (wL)* 1+@?(e'C:+C.)?R 
(20) 


In Table III, M’ means the M-value obtained 
by calculation with the specific resistance of 
aqueous solution at 10°-cycle instead of 3 x 10°- 
cycle, so that the values of M’ are rather 
scattered. 

‘As a result of calculation about maximum 
point, one obtains (Q/Q)) max =99.0%, with the 
following equation taking account of p°M~ 100. 


(wCy)’R 


(2) 3 @) 
Y 2aQ.{1—(1/2p?M )} . 
/M 


This value seems to be near the value of Q/Q 
for the aqueous solution of 3 x 10~* N potassium 
chloride, though the correct experimental value 
of (Q/Qi)max iS not evident. Now let us 
calculate the specific resistance of aqueous solu- 
tion at maximum point, which is obtained by 
Eq. 17. Then, one finds it to be 307 (2cm., 
which is located between the values for 10~-?N 
and 310~-’N of potassium chloride solutions. 
It may be considered that the maximum point 
is located in this interval. Though there are 
many assumptions on the process of calculation, 
they seem to become valid by some calculations 
using the value of ¢«’, r, A and so forth. 

In Ref. 28, some of the calculated values of 
depth at minimum point are considerably great 
or small in comparison with the experimental 
one in the case of the coil-type instrument and 
can not be obtained in the case of the con- 
denser-type instrument. Asa result of calcula- 
tion taking another factor into account, it has 
been found that the consideration of the factor, 
2'C;, seems to be helpful for the solution of 
the problem. Similarly, the factor, ¢'C, is 








950 

also contained in the condition for the mini- 
mum point (Eq. 19). This factor has the same 
significant meaning as the one in Ref. 28, 


setting apart the point that a different value 
will be given to the proportional constant (k) 
in Eq. 13 due to ¢'C;, since Eq. 17 is slightly 
different from Eq. 20 in Ref. 29. When the 
dielectric constant of sample solution, ¢’, 
large in the case of water, the term, 
='C;, becomes greater than C,). Therefore, the 
former can not be neglected in comparison 
with the latter, though C, is fairly small in 
omparison with C, in the present paper. The 
function f(x), which determines the value of 


1S 


very as 
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Q/Q; at minimum point, contains the factor 
TABLE IV 
x 
z" p Q/Q)) p-M 
at min. at max. 
1 0.954 0.999 0.0185 87.9 2911 
2 0.912 Y 0.0194 88.3 2660 
3 0.873 Y 0.0202 88.8 2440 
4 0.838 Z 0.0211 89.2 2246 
5 0.805 y 0.0219 89.6 2075 
6 0.775 4 0.0227 89.9 1940 
7 0.747 4 0.0236 90.3 1786 
8 0.721 , 0.0245 90.6 1663 
9 0.697 G 0.0254 90.9 1553 
10 0.674 4 0.0262 91.2 1453 
20 ~=0.508 0.998 0.0346 93.2 826.9 
30 »=6©0.408 0.996 0.0432 94.5 532.8 
40 0.341 0.994 0.0518 95.4 371.5 
SO 3 = 0..293 0.992 0.0603 95.9 273.8 
60 0.256 0.990 0.0690 96.6 210.0 
70 0.228 0.988 0.0775 96.8 166.2 
80 »=— 0.205 0.985 0.0860 97.1 134.9 
90 0.187 0.982 0.0946 97.3 523.5 
100 ~=—«0. 171 0.980 0.103 97.5 93.88 
TABLE V. 
: 100 30 10 3 
l 99.7 99.1 97.4 92.3 
4 99.8 99.2 97.7 93.1 
10 ” 99.4 98.1 94.5 
40 99.9 99.7 99.0 97.1 
80 / 99.8 99.4 98.2 
100 G Z 99.5 98.5 
: 10-- 310 10-3 3x10 
l 98.8 96.9 91.2 76.1 
4 98.7 96.4 90.3 73.5 
10 98.4 95.7 88.2 69.2 
40 97.3 91.9 79.1 33.2 
80 95.8 87.2 69.7 40.7 
100 94.9 85.1 65.5 36.4 
34) J. L. Hall et al., ibid., 26, 1539 (1954). 
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this factor be- 


p. Furthermore the value of 
comes somewhat smaller than unity and it 
depends upon the ratio of Cy to <'C;, so that 


(Q/Qi)min is ruled to a great extent by this 
ratio. Then this result seems to support the 
previous view in Ref. 28. 

It has been reported in Ref. 34 that “ for 
high frequency titrations, changes of dielectric 
constant during the titration will be a factor 
in the determination of curve form only if 
there is an appreciable change in the composi- 
tion of the solvent during the course of the 
titration”. In the present paper, one considers 
that the dielectric constant of aqueous solution 
does not change greatly with the concentration. 


The value of (Q/Qi)min obtained by Eq. 15, 
however, seems to become smaller when C 
becomes larger or ¢', C; smaller. Therefore, 


it is very significant to consider how the curve 
of Q/Q, vs. x changes when a sample solution 


has another constant value <’. From Eq. 17 
the value of x in the case when Q/Q; has a 
minimum value, is independent upon <¢’, 


100 


Q0/Q) 





values of Q/Q, 
for different dielectric constant. 


Fig. 6. Relation between 


VALUES OF Q/Q, 


x 


I 0.3 0.1 310 
87.9 92.9 97.2 98.6 
89.2 93.8 97.5 98.9 
91.2 94.8 97.9 Y 
95.4 97.3 98.7 98.8 
97.1 98.2 98.9 98.4 
97.5 98.5 99.0 98.1 

x 

‘ 10-4 3x10 10 3«10 
51.4 24.1 9.6 ai 
48.1 mat 8.5 a7 
42.7 18.3 7.0 ae 
32.6 10.1 3.6 La 
18.7 6.4 Y ae 0.7 
15.9 5.4 1.9 0.6°°" 
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whereas the minimum value of Q/Q; depends 
on it, since Eq. 16 has the factor p and ppM>1, 
as shown in Table IV. On the contrary, in 
the case of the maximum, the value of x 
depends upon <’, whereas the maximum value 
of Q Q; is independent on it (refer to Eq. 21). 
The values of Q/Q; for various dielectric 
constants are listed in Table V, and the rela- 
tion between some of them is illustrated by 
Fig. 6. 


Calculation of Capacity Change for 
Various Solutions 


The change of tuning capacity, JC, is caused 
by inserting the sample solution into the coil. 
When the dielectric loss of sample solution is 
fairly small in value, in other words, the 
resistance is very large in value, JC 
be calculated by Eq. 14. Then it 
seems to be found that the result of calcula- 
tions for some organic solutions is consistent 
with the experimental value in Table I. On 
the other hand, the significant result’? has 
obtained using the heterodyne type 
instrument, which is based upon the principle 
that the frequency of an oscillator changes 
with a change of composition of the core 
material of the tank circuit coil. The beat 
frequency changes induced by a number of 
organic compounds at 4 Mc. have been measured. 
Therefore, some of them (f;) are shown in 
Table I. As compared with JC, the beat fre- 
quency change increases with the decrease of 
JC. Consequently, this beat frequency change 
seems to be owing to the dielectric constant 
material (<'), because the change of 
the tuning capacity due to core material means 
the change of the reasonance frequency of coil. 


specific 
can easily 


deen 


of core 


Furthermore, significant results’? have been 
obtained by the instrument with some modi- 
fication of tank circuit. The beat frequency 


change has been observed, which is caused by 
the sample in the capacitor cell. Then some 
of them f: are listed in Table I as well as 
f;. The meaning of the variation of JC seems 
to become more obvious, taking account of the 
similarity of the equivalent circuits for the 
condenser-type electrode and the coil in Ref. 


28, and considering the following matter in 
Ref. 30. The response of many organic solu- 
tions is inherently simpler than that of con- 


ducting systems, for all changes are essentially 
capacitive. 

Finally, let us consider the change of tuning 
capacity for the aqueous solution. In Table 
Il the value of JC’, monotonously decreases 
with the decrease of resistance of aqueous 


35) P. W. West et al., 


ibid., 22, 469 (1950) 
36) O. A. Nance et al., 2 


ibid., 24, 214 (1952). 
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solution. On the other hand, investigating 
each term in Eq. 7, the value of the last term 
in the right-hand side becomes 7.9 x 10~° when 
x=3x10-* (r=1.090-cm.). The minimum 
observable capacity with Q-meter is 0.01 4p 
Farad, and C;=346 4 Farad, so that (JC), 
C,;=2.9x10-°. This result seems to suggest 
that the value of the last term in Eq. 7 can 
reach sufficient value to be measured, when x 
approaches 3x10-*. All terms following the 
third term in the right-hand side of Eq. 7 have 
smaller values than 7.9 x 10 Thus they seem 
to be out of the question in the range of x 
more than 3x10 Then, Eq. 11 can be used 
instead of Eq. 7, for the tuning capacity of 
coil containing aqueous solution, and so Eq. 
12 will be discussed. The change of tuning 
capacity, JC, by Eq. 12 monotonously decreases 
with the decreasing of x, assuming that ¢’ is 
constant. Therefore, the behavior of the curve 
of JC vs. x obtained by Eq. 12 corresponds 
with the behavior of the curve of JIC vs. r. 
But the value of JC calculated by Eq. 12 is 
greater than the experimental value in the 
range of the thick solution. The coil, perhaps, 
has some floating capacity which is not shown 
in Fig. 4 since it has been connected with the 
Q-meter by a rather long lead. This capacity 
may be one of the causes of discrepancy. 


Conclusion 


In the present paper, a method was proposed 
for the calculation of the distributed capacity 
of a coil, and the capacity was calculated 
by using two liquids, though C, can not 
be obtained. With these values and the equa- 
tions as mentioned above, the Q-value for the 
aqueous solution of various concentrations 
could be calculated. In the case of an organic 
solution having a large specific resistance, the 
calculated values of the changes of tuning 
capacity (JC) agree with the experimental 
values, and the dielectric constant, <=’, seems 
to be the predominant cause of the effect for 
a coil. In Ref. 28 “the consideration of the 
factor, ¢'C;, is significant in order to solve the 
problem” was found only by calculation. In 
the present paper, similarly, as a result of some 
calculations including the factor, <’C;, as well 
as Cy, it is shown that the dielectric constant, 
c', is likely to be a significant factor for the 
variation of Q, though the dielectric loss (or 
the specific resistance) is also important. 


The author desires to thank Dr. K. Nakano 
for his kind discussion. 
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Distribution of Various Elements between Nitric Acid 
and Anion Exchange Resin 


By Fujio ICHIKAWA, Shinobu URUNO and Hisashi IMaI 


(Received November 9, 1960) 


Previous studies showed that successful separa- 
tion of plutonium” or neptunium’” from fis- 
sion products was carried out using anion 
exchange techniques in nitric acid solution. In 
these cases, plutonium or neptunium(IV) was 
strongly adsorbed on anion exchange resin from 
7.5m nitric acid while the bulk of fission 
products were eluted. The anion exchange of 
thorium”, lead and bismuth” in nitric acid 
solution has been studied by other researchers. 
Authors previously reported the anion exchange 
behaviors of neptunium”?, thorium, uranium, 
protactinium’? and rare earth elements” in 
nitric acid. 

In the present 
some metallic elements between anion exchange 
resin and nitric acid is studied and results are 
shown in a periodic table as is shown in Kraus 
and Nelson’s work 


Experimental 

Resin. — A _ strongly basic anion exchange resin 
Dowex 1, X8 100~200 mesh, was used as an ex- 
changer. The resin was treated with 10%, sodium 
hydroxide solution, washed with water and then 
converted into nitrate form with nitric acid. The 
used resin was dried in a desiccator with silica gel 
at room temperature. 

Half a gram of dried resin was used for each 
experiment. 


Radioactive Tracers. For the measurement of 


distribution coefficient, the radioactive isotopes were 
used as nitric acid solution of desirable concentra- 
tion. Some of these isotopes were imported from 
U.S.A. or the United Kingdom. The others were 
prepared by neutron irradiation of each element in 
J.R.R.-1 
these isotopes was determined by 7-ray spectrum, 
y-ray decay or absorption curve of j-ray with 
aluminum plates. The used nuclides and the 
method of their preparation are shown in Table I 

Nitric Acid.—-Reagent grade nitric acid was diluted 
with distilled water to a desirable concentration 
varying from 0.1 to 14.5M. 


1) C. Philips and E. N. Jenkins, J. Inorg. Nucl. Chem., 
4, 220 (1957) 

2) J. S. Nairn et al., A/Conf. 15/p/1458 (1958) 

3) F. Ichikawa, This Bulletin, 31, 778 (1958). 
4) J. Danon, J. Am. Chem. Soc., 78, 5935 (1956) 
5) F. Nelson and K. A. Kraus, ibid., 76, 5916 (1954 
6) F. Ichikawa and S. Uruno, This Bulletin, 33, 569 
(1960) 

7) F. Ichikawa, ibid., 34, 183 (1961). 

8) K. A. Kraus and F. Nelson, A/Conf. 8/p/837 


paper, the distribution of 


Reactor. The radiochemical purity of 


Determination of Distribution Coefficient (K,). 

-Half a gram of the dried resin was immersed in 
S5ml. of the nitric acid solution of the given element 
for 24hr. at room temperature. The solution was 
filtered and the radioactivity of 1 ml. of the filtrate 
was compared with that of the reference solution 
which contains no resin. Ka was calculated by the 
following equation, 


Ky C. 
where C,; means the adsorbed radioactivity on 1g. 
of resin and C, means the radioactivity of 1 ml. of 
the filtrate. 

Experimental Error.—Polyethylene beakers were 
used for equilibrium experiments in order to avoid 
the adsorption of radioactive element on a glass 
wall. In all cases, a slight increase in the con- 
centration of radioactive element in the supernatant 
solution occurred. This would be due to the absorp- 
tion of swelling water by dried resin. But this 
effect was so small that the Kg value was not cor- 
rected. 

After the resin was treated with concentrated 
nitric acid for 24hr., the color of resin changed 
from light yellow to dark yellow, but it was found 
from the results of titration that the decrease of 
exchange capacity was very small. 


Results and Disscusion 


Results are shown in Fig. 1. Ka values were 
plotted against the concentration of nitric acid 
both in logarithmic scale. The oxidation state 
of each element is considered to be the most 
stable one in nitric acid and is noted in the 


figure. Based on the periodic table, the feature 
of Ky curves for each group is described as 
follows. 

Alkali Metals.— The adsorption of alkali 


metals did not occur practically from any con- 
centration of nitric acid. 

Because of the absence of available radioiso- 
topes, lithium and francium were not examined, 


but it was suggested that the resin did not 
adsorb these elements from nitric acid. Ka 
value increased slowly with increasing con- 


centration of nitric acid for sodium, potassium, 
rubidium and cesium and decreased again at a 
concentration above 8~10M nitric acid. This 
trend is one of the typical features of Ky curve. 
Beryllium, Magnesium and Alkaline Earths. 
Beryllium and magnesium were not examined 
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TABLE I. THE PREPARATION AND COUNTING METHOD OF USED RADIOISOTOPES 


Atomic number Nuclide Half life Preparation Counting method 
11 24Na 15.0 h. Irradiation of Na,CO ; 
19 “K [2.7 Bt. Irradiation of K2CO ; 
20 Ca 164 d. Imported 5 
21 46Sc 85 d. Irradiation of Sc.O ; 
24 1Cr 27.8 d. Imported ’ 
25 5oMn 2.58 h. Irradiation of MnO, ; 
26 5sFe+5Fe 30 y., 45.1 d. Imported ? 
27 Co $.2 ¥. Imported ? 
28 S83Ni 85 y. Imported 
29 “4Cu 12.8 h. Irradiation of Cu metal ; 
30 “Zn 245 d. Imported ; 
31 “Ga 14.2 h. Irradiation of Ga2O ; 
32 'Ge 11.4 d Irradiation of Ge metal ? 
34 Se 119.9 d Imported 7 
37 Rb 19 d. Imported ; 
38 S1 28 y. Imported B 
39 wy 64 h. Milking from “Sr B 
41 ‘Nb 35 d. Separation from “Zr ; 
42 *SMo 67 h. Irradiation of molybdic acid y 
3 mT¢ 6.04 h. Separation from irradiated HMoO, ; 
ao Ru Rh 1.0 y., 30s. Imported 7 of Rh 
46 1oSPd 13.6 h. Irradiation of Pd metal ; 
47 110m Ag 233 d. Irradiation of Ag metal ; 
48 15Cd 53 d. Irradiation of Cd metal ; 
49 ll4m]n 49 d. Imported ; 
50 15$n 112 Irradiatton of Sn meial ; 
51 1-4Sb 60 d. Imported ; 
55 1I37Cs 30 y Imported . 
56 140Ba 12.8 d. Imported ’ 
57 140]. a 40.2 d. Milking from '*°Ba 
58 iste 33 @. Irradiation of Ce,0 , 
59 arr 7 @. Irradiation of Pr.O 
60 ltNd 11.3 d. Irradiation of Nd.O y at,0.092 MeV. 
61 147Pm 2.6 y. Imported 
62 Sm 47 h. Irradiation of Sm.O ; 
63 2 Fu 13 y Irradiation of Eu,O y 
64 Gd 18.0 h Irradiation of Gd.O vy at 0.364 MeV 
65 16oTb 73 d. Irradiation of Tb:O , 
66 lm Dy 2.2 @. Irradiation of Dy,O ; 
67 HO 27.3 h Irradiation of Ho.O ; 
68 eat = 10.0 h. Irradiation of Er,O ; 
69 OT m 129 d. Irradiation of Tm:O ; 
70 ImYb 4.2 d. Irradiation of Yb.O 7 at{0.394 MeV. 
71 elu Lu 6.8 d Irradiation of Lu,O 
75 Re 3.87 d. Irradiation of Re metal 3 
76 Os 15 d. Imported 
77 It I 74.4 d., 19 h. Irradiation of Ir metal , 
78 Pt Pt 3.5 d., 18 h. Irradiation of Pt metal ; 
79 Au 2.42 @ Irradiation of Au metal 
80 “Hg 4.54d Imported , 
81 ‘Tl 4.0 y. Imported 
82 -Pb 10.6 h Separation from imported *--Th 
84 210P9 138.4 d. Separation from irradiated Bi a 
90 ‘Th 24.1 d Separation from natural U : 
91 °33Pa 27.4 d Separation from irradiated Th ; 
92 nat. U Colorimetric 
93 Np 2.33 d Separation from irradiated | , 
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lithium. Alkaline 
practically at lower 
nitric acid, but they were 
ibove 4M 


for the same reason as 
earths were not adsorbed 
concentration of 
slightly adsorbed at a concentration 
nitric acid. 

Scandium, Yttrium and Lanthanide Elements. 

In every case, there was a maximum Kg value 
at 8m nitric acid. Scandium and yttrium were 
scarcely adsorbed at all. As was shown in the 
previous paper, there is an interesting trend 
in the Ky values of lanthanide elements. The 
K, values of lanthanide elements at 8™M_ nitric 
acid decrease with increasing atomic number. 

Actinide Elements. Of the actinide elements 
thorium(IV), protactinium(V), uranium(V1), 
neptunium(IV) and neptunium(VI) were ex- 
amined. The data on plutonium(IV), which 
was reported by Umezawa?”, is also shown. As 
in the case of neptunium, the high adsorbability 
in tetravalence state was already reported, and 
was applied to the separation of neptunium 
from fission products and uranium. Thorium 
and protactinium were strongly adsorbed on 
the resin from 8™M nitric acid solution. Ura- 
nium was slightly adsorbed under the same 
condition. From these facts this method may 
be applied to the separation of uranium-233 
from irradiated thorium. 

Zirconium and Niobium. — The data of zir- 
conium were cited from the report’ of Bunney 
who Dowex 2 as an anion ex- 


et al., used 


») H. Umezawa J ftomic Energy Soc. 
(1960) 
10) L. R. Bunney et al., Anal. Chem., 31, 325 (1959) 


Japan, 2, 478 


Distribution coefficients between anion exchange resin and nitric acid. 


changer. Both zirconium and niobium were 
slightly adsorbed on the resin and therefore, a 
long column will be needed for the separation. 

Molybdenum, Technetium and Rhenium. 
These elements showed similar Ka curves. From 
a very dilute nitric acid, these elements were 
adsorbed strongly on the resin and the adsorb- 
ability decreased with increasing concentration 
of nitric acid. This is probably due to the 
decrease of the dissociation of these oxy acids. 
For instance, rhenium is present in water as 
ReO,;~ and is adsorbed on the resin as an 
anion, but when the acidity of nitric acid 
increases the dissociation of HReO,; becomes 
small, resulting in desorption from anion ex- 
changer. 

Chromium (III), Manganese, Iron(III), Cobalt 
and Nickel.—-Only nickel was slightly adsorbed 
ind the others were not practically adsorbed. 
If a more detailed discussion is permitted, Ka 
values of manganese and iron(III) increase 
with a slope of 1 and this means the formation 


of anionic species which has one negative 


charge. 

Ruthenium, Paradium, Osmium, Iridium, 
Platinum and Gold.— These elements were 
strongly adsorbed from nitiric acid of lower 


concentration and desorbed from nitric acid of 
higher concentration. The metals of these 
elements were dissolved in aqua regia, evapo- 
rated to dryness and redissolved in nitric acid. 
Therefore it is likely that these elements exist 
as chloro metallic acid in nitric acid, and that 
the anionic chloro complexes are adsorbed on 
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the resin from nitric acid of low concentration. 
Silver, Copper, Zinc, Cadmium and Mercury. 


Copper and cadmium were not adsorbed. 
Zinc and silver were slightly adsorbed at 
higher concentration of nitric acid. Mercury 


was strongly adsorbed from dilute nitric acid 
and Ka value decreases at concentrated nitric 
acid. 

Gallium, Indium, Germanium and Tin(IV). 
Gallium and indium were not adsorbed from 
nitric acid of any concentration. Germanium 
and tin(IV) were strongly adsorbed in dilute 
nitric acid and the Ka value showed a negative 
slope with increasing concentration of nitric 
acid. 

Thallium, Lead, Bismuth and Polonium. 
These elements exist as daughter products of 
natural radioactive decay series. The data on 
bismuth is cited from Kraus-Nelson’s report 
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Lead and polonium were slightly adsorbed on 
the resin from 8M nitric acid. Thallium was 
strongly adsorbed at a concentration above 
10M nitric acid, but it was scarcely adsorbed 
at lower concentration of nitric acid. 


Summary 


Distribution coefficient of some _ metallic 
elements between nitric acid and anion exchange 
resin were measured. From the results de- 
scribed above, the fundamental data on the 
separation of each element in nitric acid were 
obtained. 


Authors wish to express sincere thanks ‘to 


Dr. T. Nakai for his encouragement. 


Japan Atomic Energy Research Institute 
Tokai, Ibaraki-ken 


A Simplified Model for the Structure of Water 


By Goro WaDA 


(Received October 6. 


Water is very special in its physical pro- 
perties as well as very familiar to us in its 
occurrence on the earth. Its peculiarity has 
been considered to be caused mainly by the 
hydrogen bonds formed between water mole- 
cules. Bernal and Fowler» studied for the 
first time the quasi-crystalline structure of 
water by X-rays and found it to be composed 
of the intermediate of trydimite, crystobalite 
and the closest packing. Eucken® described 
the peculiar properties of water, especially from 


the points of view of the density and the 
compressibility, assuming that water is an 
equilibrating mixture of four species: H-O, 
(H:2O)., (H2O); and (H:2O)s. Recently, the 


structure of water was discussed variously on 
the bases of bending in the hydrogen bonds 
by Pople», of the covalency in the hydrogen 
bonds by Frank*® and of the radial distribution 
function of water by X-rays by van Panthaleon 


1) J. D. Bernal and R. H. Fowler, J. Chem. Phys., 1, 515 
(1933). 
2 A. Eucken, Nachricht. Akad. Wiss. Géttingen, Math.- 


Phys. Klasse, 38 (1946) 


3) J. A. Pople, Proc. Roy. Soc., A205, 163 (1951) 
4) H. S. Frank, ibid., A247, 481 (1958) 
5) C. L. van Panthaleon van Eck, H. Mendel and W 


Boog, Discussions Faraday Soc., 24, 200 (1957 


1960 


van Eck et al. and by Brady et al. These 
works seem to be too complicated and rigorous 
to explain the simple observed facts, and often 
involve too many =  assumptive parameters 
Hall’ tried to simplify Eucken’s model and 
regarded water as existing in two different 
energy states to account for the excess ultra- 
sonic absorption of water. Using this model, 
the pressure effects of the ultrasonic absorp- 
tion’! and of the thermal conductivity 

of water were also treated. In the present 
paper, various properties of water will be 
explained by a simple two-state model that 
water is equilibrated between the _ so-called 
“iceberg” having locally the ice structure and 


the structure more closely packed than the 
iceberg. 
6) C. L. van Panthaleon van Eck, H. Mendel and J 
Fahrenfort, Proc. Roy. Soc., A247, 471 (1958). 
7) G. W. Brady and J. T. Krause, J. Chen Pi 27 
304 (1957) 
8) G. W. Brady, ibid., 28, 464 (1958) 
9) G. W. Brady, ibid., 29, 1371 (1958) 
10) L. Hall, Phys. Rev., 73, 775 (1948 
11 A. H. Smith and A. W. Lawson, J. Chem. P. 22 
351 (1954 
12 Tr. A. Litovitz and E. H. Carnevale, J. Appl. Ph 


26, 816 (1955). 
13) A. W. Lawson, R 
Phys., 30, 643 (1959) 


Lowell and A. L. Jain, J. Chem 
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Equilibrium between Icy State and 
Packed State 


Ice melts at 0°C, accompanied by an abrupt 
decrease in volume, and water yet continues a 
gradual contraction as the temperature is raised 
after melting, until it arrives at a minimum 
volume at 3.98°C, over which it begins to 
expand, under an atmospheric pressure. This 
fact would be recognized by a new model 
relating to the structure of water, proposed by 
the author that liquid water of two 
states of aggregation, namely icy state (H.O) 
with lower density and packed state (HO) packea, 
with higher density and that these two States 
hold a chemical equilibrium 


consists 


Goro WADA 


CH2O)icy 2 (CH20) packea (1) 
The volume of liquid water is the sum of 
those of the two states, and the equilibrium 


trends to the right-hand side of the equation 
when the temperature raised, each of the 
states showing the respective thermal expan- 
sions. Water molecules of the icy state cor- 
respond to the molecular associates with local 
and temporary quasi-crystalline structure, 
which have hitherto been “iceberg ”’, 
“cluster” or “ icelikeness ” in liquid 
water, by several workers'». 

Then, the equilibrium constant K of Eq. 1 
is expressed by the following equation, x being 
the mole fraction of (H2O)icy at t°-C, and JG 
the free energy. 


is 


ice 
called 
drifting 


K exp(— JIG/RT) (2) 
When the volumes of the icy and the packed 
states at O°C and at ¢°C are represented by vj’ 


and v,’, and vy; and v, in cc.g respectively, 


ICY STATE xX 
VARIOUS TEMPERATURES 


and the coefficients of thermal expansion aj 
TABLE I. MOLE FRACTIONS OF THE 
1—x AT 

"ee vo, c.g" vi, cc.g-! Up, CC.8 
0 1.0001 1.0905 0.9334 
l 1.0001 1.0907 0.9343 
2 1.0000 1.0908 0.9353 
3 1.0000 1.0910 0.9362 
4 1.0000 1.0911 0.9372 
5 1.0000 1.0913 0.9381 
6 1.0000 1.0914 0.9391 
7 1.0001 1.0916 0.9400 
8 1.0001 1.0917 0.9410 
9 1.0002 1.0919 0.9419 
10 1.0003 1.0920 0.9429 
15 1.0009 1.0930 0.9476 
20 1.0018 1.0938 0.9523 

14) H.S. Frank and W. Y. Wen, Discussions Faraday Soc., 


24, 133 (1957). 
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and ap respectively, the volume of liquid water 
v is given by 


v=xu+(1—x)v, 
xvi°(1+ ast) + (1—x) vp? (1 + apt) (3) 
where, for the values of v;° and aj, can be 


used those for the pure ice. From the observed 
values of v at various temperatures’ x’s can 
be known at the respective temperatures, only 
assuming that x is just equal to 0.2 at 100°C. 
This assumption is introduced by the method 
of trial and error, so as to be consistent with 
other properties of water most satisfactorily, as 
will be mentioned in the next chapter. 
Although, in Eucken’s model”, the total 
mole fraction of associating molecules at 100°C 
was also 0.2, there were introduced some other 
numerical assumptions which were ambiguous 
in physical meanings, while the present model 














involves no other assumptions than that of 
x=0.2 at 100°C. Thus, x’s at various tem- 
peratures are computed as shown in Table I, 
a», being determined from this assumption. 
0 20 40 60 80 100 
re 
Fig. 1. Temperature dependence of x and 1— x. 


AND OF THE PACKED STATE 


1 x l-x K 
0.4246 0.5754 1.355 
0.4207 0.5793 iar 
0.4161 0.5839 1.403 
0.4121 0.5879 1.427 
0.4081 0.5919 1.450 
0.4040 0.5960 1.475 
0.3999 0.6001 1.501 
0.3964 0.6036 1.523 
0.3922 0.6078 1.550 
0.3887 0.6113 1.573 
0.3850 0.6150 1.597 
0.3665 0.6335 1.729 
0.3495 0.6505 1.861 

15) ‘“*Chemical Handbook”, Ed. by Chem. Soc. Japan, 


Maruzen, Tokyo (1952), p. 287. 


July, 1961] 


The basic values for calculations are as follows. 
v 1.0905 Vp’ = 0.9334 cc. g (4) 
a\=1.52x10-* ay= 1.013 x 10-3 deg (5) 


The variation of the mole fraction of the icy 
state, x, and that of the packed state, 1— x, 
over the temperature range O~100°C are 
depicted in Fig. 1. The icy state is found to 
remain unmelted as much as 40%. of the whole 
liquid water at 0°C. 


Properties of Water Explained by the Model 


As is shown in Fig. 
plotting 
intrinsic 


Heat of Fusion of Ice. 
z a, = 
2, one obtains a fine straight line by 
log K against 1/7, from which the 


heat of fusion of ice, JH;, i.e. the enthalpy 
of the transition (H.O)j-y—»>(H-O), at 0O°C 
is calculated. 

4H;=2.51 kcal. mol at 0°C (6) 


value as the heat of 
is not per mole 
ox. 
1.43+ 


The commonly known 
fusion of ice, 1.43 kcal. mol 
in reality but per 1—x=0.5754mol. at 
The true corrected value per mol. is 

















0.5754 = 2.49 kcal. mol~', which agrees very well 
with Eq. 6. 
0.21¢ —, 
| 
0.20 
| 
0.19 
0.18 -— | 
| 
<< 0.17} 
bo | 
= | 
0.16 
0.15¢ 
| 
0.14 -— 
0.13Fr 
3.50 ~ 3.60 3.70 
1/T x 108 
Fig. 2. The intrinsic heat of fusion of ice. 


Free Energy and Entropy of Fusion of Ice. 
Free energy and entropy of fusion of ice at 
0°-C, JG and JS;, are easily calculated from 
K’s in Table I and JH; in Eq. 6, as follows. 


AG 165.1 cal. mol! at 0°C (7) 
4S;=9.79 cal. deg~' mol-! at 0°C (8) 


Entropy of fusion of ice obtained from the 
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observed heat of fusion is 1.43+ (0.5754 x 273.1) 

9.10 cal. deg~'mol~', which does not greatly 
differ from Eq. 8. In general, entropies of 
fusion for normal triatomic molecules should 
have nearly equal values: those for carbon di- 
sulfide and nitrous oxide are, for instance, 8.4 
and 8.6 cal. deg~' mol respectively’, to 
which the value of Eq. 8 is fairly approximate*. 

Specific Heat.—Using the observed results of 
specific heats of ice', one obtains the follow- 
ing empirical formula for ice at the temperature 


range of —60~0°C. 
ci = 0.48986 + 1.357 x 10-2 t—2.625 x 10~'t 
3.708 x 10~ ‘2? cal. deg~'g7! (9) 


If Eq. 9 is applicable to an imaginary piece 
of ice above 0°C, namely the icy state in liquid 
water, an equation for the specific heat of 
water can be given, the partial fusion of the 
icy state with rise of temperature being taken 
into account. 

C=xCi+ (1—x)C,— 4m (10) 
where C, Ci and C, are the molecular heats 
of the liquid water, the icy state and the 
packed state, respectively. Then, from Eqs. 2 
and 10, the molecular heat of the packed state 
is given by 

C C—xC; x(4H:)’ 

P A-x RT: 
II, the values of C, at various 


In Table 
temperatures are listed. The molecular heat 


(11) 


TABLE Il. MOLECULAR HEAT OF THE PACKED 
STATE OF WATER 

t c'% Ci Cp Cp 

Cc cal.deg-'g-! cal.deg-'g-! cal.deg-'g~! cal.deg 'mol-! 
0 1.0092 0.48986 0.3928 7.071 

5 1.0051 0.49669 0.4325 7.784 
10 1.0021 0.50377 0.4705 8.469 

15 1.0001 0.51141 0.5076 9.136 
20 0.9988 0.51986 0.5418 9.752 


16) J. O. Hirschfelder, C. F. Curtiss and R. B. Bird, 
‘Molecular Theory of Gases and Liquids’’, John-Wiley, 
New York (1954), p. 285. 
17) “International Critical Tables’, Vol. V (1929), p. 95. 
For comparison, the calculated thermodynamic 
values at 0°C together with those of the previous investi- 
gators are shown as follows. 


4G 4S; JH¢ 

cal.- cai. deg 1. cal.- x 

mol mol mol 
Present author — 165.1 9.79 2510 0.4246 
Lawson et al. — 150 11.5 3000 0.42 
Litovitz et al. ! 500 5 870 0.32 
Smith et al. 0 9.5 2600 0.50 
Hall +500 0.70 


Hall assumed a possibility of a two-state representation, 
one state of larger volume and lower energy and the 
other state of smaller volume and higher energy, which 
is quite different from the models of the present author 
and other investigators except Hall. 
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of liquid water is ordinarily known to be 18 
cal. deg~'mol~', but C,’s of the packed state 
over the temperature range of 0~20°C lie 
between 7 and 10 cal. deg~' mol~', which seems 
to be appropriate compared with the values of 
the molecular heat for methyl alcohol (18.7 
cal.deg~'mol~! at 12°C) or for ethyl alcohol 
(26.6 cal. deg~'mol~! at 20°C). 

Vapor-pressure and Heat of Vaporization. 
The ratios of the vapor-pressure of liquid 
water, p, to that of ice, pi, are expressed 
empirically as a function of temperature as 
follows'». 

p 1.1489 ¢ 


log 


= 273, 1.330 x 10~°r 


9.084 x 10> °¢ CE2) 


Admitting that water is an ideal mixture of 
the icy and the packed states, the vapor- 
pressure of the liquid water can be shown, 
according to Raoult’s rule. 


p=xpit+(1—x)p,; (13) 


Then, the partial pressures of the packed state, 
Py’s, are calculated at various temperatures by 
the following equation derived from Eqs. 12 
and 13 and are listed in Table III, where p’s 
are known empirically 


is P 
P; P p (14) 

i-—x 

TABLE III. VAPOR-PRESSURE OF WATER 
i. % p/p p®, mmHg p,, mmHg 

0 1.00000 4.579 4.579 
1 0.99048 4.926 4.892 
2 0.98093 5.294 5.221 
3 0.97140 5.685 5.542 
4 0.96207 6.101 5.935 
5 0.95284 6.543 6.323 
6 0.94372 7.013 6.735 
7 0.93469 7.543 7.168 
8 0.92576 8.045 7.628 
9 0.91693 8.609 8.113 
10 0.90819 9.209 8.627 


As is pictured in Fig. 3, the plot of logp, 
against 1/7 gives a straight line, from the slope 
of which is obtained the heat of vaporization 
of the packed state JH vq». 


4Hycp)=9.70 keal. mol~' at 0°C (15) 
Since the heat of vaporization of water, JH,, 
is represented by 


4H, =x4H,+ (1i-—x) 4A (16) 


18) J. H. Perry, ‘‘Chemical Engineers’ Handbook” 
McGraw-Hill, New York (1950). 

19) **Chemical Handbook ”’, Ed. by Chem. Soc. Japan 
Maruzen, Tokyo (1952), p. 382. 
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Fig. 3. Heat of vaporization of water. 


and since the heat of sublimation of ice, JAH,., 
is expressed by an equation JH. = 4H;~+ 4H yy. 
4H, is expected to be composed of the heat 
of fusion of the icy state and of vaporization 
of the packed state by the following relation: 


4H, =x4H:+ 4H (17) 
Therefore, 

4H.=10.77 kcal. mol 

4H;=12.21 kcal. mol 


a 0°C (18) 
at O-C (19) 


The heat of vaporization of liquid water and 
the heat of sublimation of ice directly observed 
by experiments at O0°C are 10.73 kcal. mol 
and 12.16 kcal.mol~' respectively. both of 
which agree with Eqs. 18 and 19 quite satis- 
factorily. 

Molar Volume and Molecular Distance. 
According to the additivity rule that molar 
volume of a normal liquid is predicted bythe 


algebraic sum of the individual atomic volumes ~ 


of composing atoms of the molecules, the 
calculated molar volume of the packed state 
may be 14.8cc. mol~', which approximates 16.8 
cc. mol~' computed from Eq. 4. 

From the works of van Panthaleon van Eck 
et al.°’©, the radial distribution curve of water 
measured by X-rays is reproduced in Fig. 4, 
which reveals two peaks in the curve at the 
molecular distances 3.1 and 4.5A. Van 
Panthaleon van Eck et al. concluded that the 
nearest molecular distance 3.1 A coincides with 
the theoretical value of the molecular distance 
between the first neighbors, calculated from 
the density of liquid water, when liquid water 
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Fig. 4. Radial distribution curve of water at 
2.6°C (quoted from C. L. van Panthaleon 
van Eck et al.°: 


is assumed to be octahedrally coordinated, and 
that, therefore, water has a uniform structure 
of octahedron in liquid state, instead of that 
of the tetrahedron which is popularly believed 
to exist in ordinary ice. 

But, on the contrary, the present new model 
concerning liquid water can describe more 
naturally the results of Fig. 4 as follows. Since 
the icy state has, of course, the ice-structure, 
water molecules in the icy state takes a tetra- 


hedral arrangement, and the O-O distance of 


hydrogen bond must be 2.76A as usual. And 
it is reasonable to consider that the packed 
state of water has lost the icelike structure 
with hydrogen bondings between O-O atoms 
and is rather more densely packed in closest 
packing, as is often seen in case of general 
ideal liquids, such as argon or molten metals. 
From the molar volumes of the icy and the 
packed states (Eq. 4), the molecular distances 
at 0-C are calculated, and listed in Table IV. 


TABLE IV. 
COORDINATION NUMBER OF THE 


MOLECULAR DISTANCE AND 


TWO STATES 


Packed state 
(Closest packing 


Icy state 
(Tetrahedral) 


Distance Coordi- Distance Coordi- 

nation nation 

A number A number 
First neighbor 2.76 4 3.46 12 
Second neighbor 4.51 12 4.89 6 


According to this model, the peak at 3.1A 
can be explained as the result of the overlap- 
ping of two curves, each corresponding to the 


icy and the packed states, with the weights of 


the mole fraction and the coordination number, 
respectively. If the two curves, which exhibit 
peaks at 2.76 and 3.46A by the first neigh- 
bors, respectively, are gently sloping near the 
maximum points, the resultant curve of the 
two may have a single peak between the two 
individual peaks, at 3.1A. 

In addition, the observed fact that the number 
of the first neighbors increases gradually as the 
temperature is raised*’? seems to be caused by 


20) J. Morgan and B. E. Warren, J. Chem. Phys., 6, 666 


(1938). 
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the successive transition of the icy state with 
smaller coordination number to the packed 
state with larger coordination number. If liquid 
water were uniformly octahedral, the number 
of the first neighbors would rather decrease, 
since the number of holes caused by thermal 
agitation should increase with temperature. 
The fact that both the peak at 4.5A and the 
bottom at 5.6A of the radial distribution curve 
at 2.6-C shown in Fig. 4 almost diminish at 
60°C may be due to the results of only 
existence of the short range order of liquid. 
Surface Tension.—Regarding water of the 
packed state as a normal liquid, the molecular 
parachor is found to be P=50.8 from the sum- 
mation of the individual atomic parachor?)*. 
Thence, the surface tension of the packed state 
7» can be derived by use of the relation 
between the parachor and the surface tension, 


P= My, 


where M is the molecular weight of water, and 
o and go,» are the density of water of the 
packed state and of vapor upon the packed 
state, respectively, which are known from Eq. 
4 and Table III. 


(0 —p) (20) 


at 0-C (21) 


larger than that 
at O-C, 75.64 dyn. 


j 83.58 dyn. cm 
This value of 7, is slightly 
observed for liquid water 
cm 

The surface tension of a mixed 
expressed as follows, the heat of mixing being 
taken as zero 


liquid is 


nt. x’ RT i~2x' - 
7=% In 11 In (22) 
Aj x A '—2 
where A; and A, are the molar area of water 


in the icy and the packed states respectively, 
and x’ is the mole fraction of the icy state on 
the surface of liquid water. As A,=6.043 
<10°cm*, x’ is calculated from the following 


equation. 
1—x’ 
l 


x'=0.819 at 0°C (24) 


7pAp/ RT| (23) 


I 


exp|( 


From the value of Eq. 24, it is found that the 
icy state is positively adsorbed on the surface 
other words, it behaves 
‘surface active substance ” 


of liquid water: in 


like a so-called 


21 R. C. Reid and T. K. Sherwood The Properties 
of Gases and Liquids McGraw-Hill, New York (1958 
p. 21 
Since the hydrogen atom in the packed state does 
form any hydrogen bond, the atomic parachor of 
hydrogen must be not 10.0 but 15.5, the former being the 
alue for hydrogen in OH and the latter for ordinary 
hydrogen as in hydrocarbons 
22 J. A. V. Butler, Py Roy. S A135, 348 (1932); J 
H. Hildebrand and R. L. Scott The Solubility of No 
electrolytes’, Reinhold (1950), p. 406; T. P. Hoar and D 
A. Melford, Trans. Faraday Soc., $3, 315 (1957 
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Energy State of Water.—The various energy 
relations of water mentioned above are illus- 
trated all together in Fig. 5. An assumed state 
of energy of water that only the hydrogen 
bondings in ice are broken but that the geo- 
metrical molecular configuration is still main- 
tained to be tetrahedral, is drawn as T-state in 
the figure, and it is 6.5 kcal.mol~! higher in 
energy than the packed state, the latter state 
being realized by the cohesion force between 
the dipoles of water molecules from the former 
state, since the energy of a hydrogen bond 
O-H::-O in ice is 4.50 kcal.bond-'. The 
phenomenon of premelting of ice would be 
demonstrated as the local occurrence of the 
T-state in ice structure. 
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Fig. 5. Energy state of water at 0°C. 

Activation Energy of Self-diffusion. — The 
observed value of the activation energy of self- 
diffusion of liquid water is 5.3 kcal. mol7! ~». 
Since water molecules of the icy state may be 
compared to “macromolecules” although 
unstable, it might be rather single molecules 
of the packed state that take a greater part in 
self-diffusion in liquid water. And, since the 
intermediate state in the process of self-diffu- 
sion must necessarily be of an open structure 
with many holes, similar to the T-state shown 
in Fig. 5, the activation energy of self-diffusion 
must be approximately equal to A (=6.5 kcal. 
mol~'), which agrees with the observed value 
without serious error. 

Heat of Ionization.In order to dissociate 
a water molecule into a hydrogen ion and a 
hydroxyl ion, three steps must take place: (a) 
a proton jump between adjacent two water 
molecules through a hydrogen bonding, 

H H H H 
i 1 


O—H:-.-O—H O-...—o+—8 


23) N. Morita and T. Titani, This Bulletin, 13, 543 (1938). 
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(b) successive proton transfers along the chains 
combined by hydrogen bondings, 


H H H H 
H—O+—H-.O-H | _H—O..-H—O*—H 
H H H H 
O—-H--O-  O---H—O 


and (c) rotation of either of H;0* ion, OH™ 
ion and H.O. Steps a and b means separation 
of the charge or ionization in a narrow sense, 
but the separated ions have yet a large prob- 
ability of recombination or association via 
the reverse paths of steps b and a. Step b is 
a proton jump between two symmetrical 
structures, and therefore proceeds athermally, 
while step a is an asymmetrical fcharge sepa- 
ration, thus being endothermic, and the activa- 
tion energy of step a might be about 4 kcal. 
mol~', somewhat larger than that of step b, 
according to Conway et al.*?:* For the com- 
pletion of ionization of a water molecule, it 
is needed that the chain of hydrogen bonds 
through which proton transfers occur must be 
broken down in order to interfere with an easy 
recombination of the two ions once separated. 
This breakdown of the chain can be carried 
out through step c by an insertion of chain 
imperfection, such as a doubly occupied hydro- 
gen bond O-H-:-H-O or a vacant bond O-:-O. 
Since the rotation of H;0*, OH~ or H.,O can 
take place only when the rotating particle over- 
comes the attractive force between the dipoles 
and destroys the hydrogen bond, it requires 
energies near to the heat of sublimation of ice 
12.2 kcal. mol After all, it is concluded that 
the apparent activation energy for protonic 
dissociation of water may be 12.2+4~16 kcal. 
mol~' and the heat of dissociation a certain 
value between 16 and 12.2 kcal.mol~’. The 
observed values of the activation energy and 
the heat for dissociation of water are 15.5~16.5 
kcal. mol~! and 13.5 kcal. mol~! respectively”, 
both of which agree with the above considered 
expectation very well. 

Activation Energy of Electric Conduction.— 
The measured values of d. c. electric conduct- 
ance of the sufficiently carefully prepared ice*»* 
and liquid water’? at near 0°C, «; and «, are 


24) B. E. Conway, J. O'M. Bockris and H. Linton, J. 
Chem. Phys., 24, 834 (1956). 
The activation energy of symmetric proton jump is 
3.85 kcal. mol-? ; 
25) M. Eigen and L. de Maeyer, Proc. Roy. Soc., A247, 
505 (1958). 
26) R.S. Bradley, Trans. Faraday Soc., 53, 687 (1957). 
According to the results of Granicher et al.’7’, the 
apparent activation energy of electric conduction of ice is 
13.8 kcal. mol-', being slightly larger than Eq. 25. 
27) H. Granicher, C. Jaccard, P. Sherrer and A. Steine- 
mann, Discussions Faraday Soc., 23, 50 (1957). 
28) ‘*Chemical Handbook’, Ed. by Chem. Soc. Japan, 
Maruzen, Tokyo (1952), p. 601. 
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represented by the following empirical formulas. 


xi = 23.4 exp(—12300/RT) Q-'cm (25) 
«=0.119 exp(—8570/RT) QQ-'cm (26) 
Since ice and liquid water were nearly 


equally electroconductive at near O°C, it was 
thought that the mechanisms of the electric 
conduction in both media must also resemble 
each other. But recently, it was found that 
the mobility of a proton in ice is twice faster 
than that in liquid water, while the concentra- 
tion of dissociated ions in ice is half as much 
as that in water These facts are convinced 
by a statement that, since the chains connected 
by hydrogen bondings in ice are longer and in 
better order than those in water, the proton 
jump is easier, the lattice imperfection arises 
with less probability, and, therefore, the occur- 
rence of ionic recombination is more probable 
in ice. The fact that both the activation 
energy and the pre-exponential factor in water 
are lower than in ice as is seen in Eqs. 25 and 
26, is thus qualitatively acknowledged on this 
reason as well. 

When the proton jumps have once propagated 
successively along a chain of hydrogen bonds 
in the direction of electric field, all the mole- 
cules that proton jumps have taken place 
between the ne:zhboring molecules must rotate 
in order to conduct electricity in the same 
direction once more. The rate-determining 
step of electric conduction of ice and water in 
a static field is, therefore, the process of mole- 
cular rotation, as in the case of ionization of 
water described in the last section, and the 
apparent activation energy during the overall 
process of electric conduction must be much 
higher than the height of the energy barrier 
for proton jumps. 

Especially in case of liquid water, the matter 
is more complicated than in the case of ice, 
because, even if the electric conduction is 
mostly owing to the proton jumps in the icy 
state, rather than to the migration or difiusion 
of ions themselves, the fraction of the icy 
State decreases as the temperature rises, and 
this fact makes the apparent activation energy 
somewhat lower than in ice*. 


Temperature of Maximum Density..- From 
Eq. 3, next relation can be derived, 
dv dx . 
(vi-— Up) XQiVj (1—x)apvp’ (27) 
dT dT 
The electric conductance of ice and liquid water 
y be represented in another formula « enp, where e 
S a protonic charge, and nm and g# are the number and the 
mobility of charge carriers, respectively. a” 1s closely 
ited to the degree of ionization of water, which is 





affected by the energy of rotation of water molecules, 
vhile the factor which determines yg is the activation 


energy of a proton jump, or the height of the energy 





barrier in the potential curve of hydrogen bond. 
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where, at the temperature of the maximum 
density 7,,, dv/dT is equal to zero. Since the 
second and the third terms in the right-hand 
side of Eq. 27 are both positive, and dx dT 
in the first term is negative, one of the 
necessary conditions that an equilibrating liquid 
mixture of multicomponent system like liquid 
water has a maximum density at a certain 
temperature is generally viji>v,. Among many 
associating liquids, some might satisfy this 
condition. but unfortunately they can not be 
observed in practice, unless Tm is above the 
freezing points. Thus 7, can be known from 
Eq. 27 theoretically, inserting the relation 
dx dT x(1—x)4JH;/RT’. But, for instance, 
an error of 0.05 kcal. mol in JH, corre- 
sponds to that of about +1°C in T 
of water, which is not so adequate as to predict 
Tm correctly. 

When a small amount of a different substance 
is dissolved in water, the temperature of the 
maximum density of the solution is either 
raised or lowered from 3.98°C. This is because 
the balance of Eq. 1 fluctuates by either the 
hydration or the dehydration of water mole- 
cules surrounding the added molecules, accord- 
ing to the polarity of the latter. In the right- 
hand side of Eq. 27, ignoring the contribution 
of the second term compared with those of 
the first and the third terms, and admitting 
Vi-—Up*Ui’—Up’ approximately, the following 
equation is obtained, 


in case 


JH; JG Ap?" 
|| l+es \ixcor ee (28 
RT x2| exp( RT ) |v — 0p ) 
according to which, 7m is found to vary 


mainly as a function of JH; and JS;, if the 
density of the added substance does not affect 
seriously, 


Gim 
ico Dm 
RT x? | wl a xo =a 
(JH;) “*P\ ~ RT JH: *\” RT a 
2RT AG 
exp RT ) 


xo AG 
JH i Rr,. ) 
-0 (29) 


oT. 
( 348 ) H 


JH RT. 
2RT AG IG 
AH, |’ exp RT. ) exp RT.) 


Yom dG 
7 exp ( ) 
<0 


(30) 


will be lowered by the dissolution 
makes JH; 
which 


After all, 7 
of a substance which 
JIS; increase; namely, 


decrease or 
inclines the 
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equilibrium of Eq. 1 towards the right-hand 
side, and vice versa. In short, a part of the 
icy state is fused and the depression of Tm 
occurs. So far as observed experimentally, all 
the electrolytes’? and general hydrophilic non- 
electrolytes lower Tm, While some alcohols 
such as tert-butyl alcohol raise 7, exceptional- 
ly°>. The structure of water around ions or 
dissolved strange molecules will be discussed 
elsewhere. 


Summary 


Various characteristic properties of liquid 
water can be explained fairly well by a simple 
structural model proposing that water consists 
of an equilibrating mixture between two states: 
the icy state which possesses ice structure and 
appears and disappears locally and temporarily, 
and the packed state in which water molecules 
are closely packed without hydrogen bondings 
Only assuming that the fraction of the icy 
state at 100°C is 0.2, the fractions and the 

29) R. Wright, J. Chem. Soc., U5, 119 (1919); Inter 


national Critical Tables,’’ Vol. IIl, p. 107 
30) G. Wada and S. Umeda, unpublished 
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equilibrium constants at various temperatures 
are calculated, and therefrom the heat and the 
entropy of fusion of ice, the specific heat and 
the heat of vaporization of liquid water are 
derived, which are all in good agreement with 
the observed values. The radial distribution 
function of water obtained by X-rays reveals 
the packed state to have a structure similar 
to the closest packing, and the surface tension 
of water tells that the surface of water is 
more abundant in the icy state than the bulk 
water iS, positively adsorbed as if it were a 
kind of surfactants. The heat of ionization 
and the activation energy of electric conduction 
are qualitatively described by the _ rotation 
mechanism of water molecules in the icy state. 
A reasonable explanation concerning the exist- 
ence of the temperature of the maximum 
density and the effects of different substances 
upon it are also offered. 
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VI". General Discussion on 


the Formation of Mixed Complexes 


By Sigeo KIDA 


(Received November 1, 


The main purpose of this series of investi- 
gations has been to ascertain the stability of 
mixed complexes, as compared with that of their 
parent complexes*. It seems to the present 
author that there have been few investigations 
of this problem. Bjerrum” has made a careful 
study of the factors which influence the ratios 
between the consecutive formation constants by 
sub-dividing these factors into the “ statistical 
effect’ and the “ligand effect”. The former 
effect can be evaluated by calculation, and 
this principle can also be applied to the present 
investigation. The latter is further classified 


into the “electrostatic effect” and the “ rest 


1 Part V of this series: S. Kida, This Bulletin, 33 
2269 (1960). 
Throughout this series, [MA,! and |MB,,! have beer 


defined as denoting the parent complexes of the mixed 
MA;B;|, where A and B and M stand for the 
ligands, and the central metal ion, respectively, under the 


complex, 


condition of n i+j 
2) J. Bjerrum, “* Metal Ammine Formation in Aqueous 
Solution’, Haase and Son, Copenhagen (1941 


1960) 


effect’; that is, if we regard metal-ligand bonds 
as purely ionic, the ligand effect should be an 
electrostatic one, while the rest effect may be 
mainly attributed to the covalency of the co- 
ordination bond. Bjerrum’s considerations 
were ingenious and comprehensive. However, 
his efforts were mainly devoted to obtaining 
the values of consecutive formation constants 
of various complexes, and much importance 
was not paid to the stability of mixed complexes. 

In this paper, factors which influence the 
relative stability of a mixed complex are pointed 
out and discussed on the basis of the experi- 
mental data previously obtained by various 
investigators. 

Electrostatic Effect.—_It is assumed here, for 
convenience, that a complex species consists of 
point charges representing a central metal ion 
and its ligands. For instance, in the following 
complexes it is assumed: that M, X and Y are 
point electrical charges, -e, —e’ and —e”’ 
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TABLE I. CALCULATED FORMATION ENERGIES OF COMPLEXES OF VARIOUS TYPES, ON THE 
ASSUMPTION THAT THEY CONSIST OF POINT CHARGES 

4-Coordinated planar type 
Pras l : , 
E(MX;Y) 4 (3E(MX,) + E(MY4)} = (e'—e'')2(2V 2 +1)/4r=0.957(e'—e'')?/r 
, l ‘ , le 
E(cis-MX2Y2)— , {E(MX,4) + E(MY;4)} = (e'—e'')2(V 2 +1)/2r=1.207(e'—e'')2/r 


I 
E(trans-MX2Y2)— . {E(MX,4)+ E(MY,)} =(e' 


4-Coordinated tetrahedral type 


E(MX;Y) 3E(MX,) + E(MYs4 ce’ =e")? 
E(MX.Y2) > E(MX,) + E(MY34)} = (e'—e"')*- 
6-Coordinated octahedral type 

E(MX:Y ) S5E(MX,,) + E(MY,)} = (e'—e"”’ 
E(cis-MXsY>) 4E(MX,) +2E(MY,)} = (e’ 
E(trans-MX,Y.) . 4E(MX,,) +2E(MY,)} = (e’ 
E( cis-cis-MX,Y 3) | EE(MXe) E( MY, (e’ 
E(cis-trans-MX,Y ;) E(MX.) + E(MY 


e'')?-V 2/r 


-3V 6 


1.414(e'—e'')*/r 


8r=0.917(e'—e'')*/r 


6 /2r=1.225(e'—e"')*/r 


)-(4V 2+1)4r=1.664(e'—e ’ 
e' 3V 2 +1)/2r=2.621(e'—e'')*/r 
e 2V 2 /r=2.828(e'-—e } 
e 6V 2 +3)/4r=2.871(e'-—e"')*/r 
e 8VY 2+1)/4r=3.078(e'—e'')*/r 


E(MX,) or E(MY,) denotes the formation energy of the complex, [MXez] or [MY,«], respectively 
respectively ; that both the distances of M-X From the equation we can conclude that the 
and M-Y are maintained constant at distance mixed complex has more formation energy than 
r; and that X and Y occupy corners of a the average energies of the parent complexes 
regular square with M at its center. In other words, a mixed complex is easily 

; : : ‘ ' : formed from its respective parent complexes. 

x x Y Y Xx \ : | “ 

Similar calculations can also be made for other 
M M M types of complexes, as indicated in Table I. 
x x y ¥ ¥ ” Some investigators’: have taken the electro- 
; static repulsion into consideration as a factor 
Hl i which greatly influences the stability of mixed 
If we denote the formation energies of the Complexes, but their considerations were limited 


complexes, I, II and III, by E(MX;), E(MY,) 
and E(trans-MX.,Y>.), respectively, they can be 


represented as follows: 


2! (e (e’ 
E(MX;) =~ x4— ~~ oF «2 
r Y 2s 2r 
sal! (e ( »ft 
g(My,) =" — xe— © - xg— SS x2 
r Y2r 2r 
E(trans-MX.Y2) ="- X24 — x2—-—— x4 
r r VY 2r 
(e’) (e’’) 
2r 2r 
Hence, we obtain: 
E(trans-MX:Y>) =" E(MX,) + E(MY;,) 
VY 2 y bg 


(e' —e"')* = 0 


to an electrostatic effect of ionic ligands, e. g., 
Cl~ or C.O,-~, the neutral ligand being neglected 
in most cases. It is now generally believed that 
in the so-called normal complexes, the electro- 
static force plays an important role even in the 
case of a neutral ligand, since the ligand field 
theory has succeeded in explaining the absorp- 
tion spectra and stabilities of these complexes, 
by regarding a neutral ligand as a point dipole 

In the present study, neutral ligands are also 
taken into account; in plactice, however, they 


are replaced by appropriate negative point 
charges. 
Before this conclusion is applied to actual 


in more 
negative point 


problems, it to discuss 


detail the meaning of the term 


is necessary 


“ 


3) For instance, N. Bjerrum, Z. Phys. Chem., 106, 238 
1923) ; G. Schwarzenbach, Hely. Chim. Acta, 16, 522 (1933) 
4) For instance, Y. Tanabe aud S. Sugano, J. Phys 


Ss Japan), 9, 753, 766 (1954) 
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charges” which were located around the central 
ion, in the above discussion. 

The electric dipole moment is defined as the 
magnitude of the charge at one center of the 
molecule times the distance between centers. 
This distance, for practical purposes, may be 
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considered equivalent to the internuclear dis- 
tance for a diatomic molecule. In the case of 
metal complexes, one may consider that the 
centers of negative charges are closer to the 
metal ion than the nuclei of the donor atoms 





TABLE II. RELATIVE STABILITIES OF 
Type 1. [MA.] + [MB:] = 2[MAB] 
M A B 
Cu(II) (dig-H) - aca 
4 en 4 
” ” C.0, 
7 uy P.O;* 
Hg(IL) i Br 
y y I 
4 Br 4 
Type 2. [MA:] [M(OH:),] <= 2[MA(OH:):] 
M A log Kn( =log i ) 
Cu(II) en 1.40 
Zn(IL) a 0.77 
Cd (IL) Y 0.92 
Zn(II) C.0; 2.32 
Co(II) (salcylaldehyde) 1.04 
Ni(IL) 4 1.2 
Cu(Il) ‘3 
Zn(I1) Y 0.9 
Pb(II) 4 3.4 
Mg(I1) ica 1.46 
Mn(Il Y 1.06 
Fe(II) 0.98 
Co(II) 4 1.32 
Ni(II) 1.30 
Cu(IL) " 1.26 
Type 3. [MA,] [M(OH:);] <=? 2[MA:(OHs:)>2] 
ky kez 
M A log K log hike ) 
Cu(II) NH 2.63 
Zn(II) ( 0.16 
Cd ID 4 2.38 
Cu(II) cs 2.8 
Cd(IT) CN 2.36 
4 I 0.68 
Sn(I1) Cl 2.98 
Type 4. [MA;] + 2[M(OH:)«] = 3[MA(OH2),] 
M A log K, log k ) 
- ” kok 
Mn (Il) en Zoae 
Fe(II) 4 3.32 
Co(IL) 4 3.85 
Ni( ID) 4 4.3 
Fe(II) dip 5.0 
Mn( Ill) C:0,* 10.52 
Fe(II) (salicylate) ~ eRe: 


of the complex, for the following reasons: (1) 
MIXED COMPLEXES OF VARIOUS TYPES 
log K, log Kstat log Kstat Reference 
0.04 0.60 -0.64 a) 
0.42 4 —0.18 Z 
1.10 “4 0.50 4 
1.70 4 1.10 b) 
2.0 4 1.4 c) 
iF " 1.15 G 
1.10 4 0.50 4 
log Kstat log Kx, ; log K Reference 
0.60 0.80 5.01 d) 
“4 0.17 By ij 4 
A 0.32 2.50 4 
G 1.72 2.59 4 
” 0.44 2.08 4 
4 0.60 2.3 4 | 
y 0.90 3.3 y ) 
4 0.70 2.01 4 
y 2.8 a | 4 
4 0.86 2.28 4 
“4 0.46 2.49 Z 
G 0.38 3.25 4 
Y 0.72 3.18 M 
4 0.70 3.03 4 } 
y 0.64 4.55 ” 
| 
log K log K 4 log K Reference 
1.56 1.07 3.47 e) 
4 1.40 2.37 4 
4 0.82 1.78 “4 i 
4 Rae 1.15 f) 
4 0.80 4.71 7 
” 2.34 1.62 G 
” 1.42 0.38 G 
log Kx, log K - log K Reference 
1.43 1.10 0.94 e) 
4 1.89 1.59 ” 
4 2.42 2.30 4 
| 2.94 3.10 4 
4 6.43 2.93 d) 
Z 9.09 3.24 y ‘ 
Y 16.3 5.74 4 


~~ 
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(Table If Countinued) 


Type 5. [MAe] + [M(OH2)6] =~ 2[MA;(OH:);] 
M A log Km({ =log kiksks ) log Kstat log Kstap log K Reference 
= kskske n 6 

Co(II) NH; 4.77 2.60 1.87 0.85 e) 
Ni(II) 4 4.80 4 2.20 1.46 G 
AI(IIT) eo 10.16 Y 7.56 3.31 f) 
Cr(IIl) NCS- 7.8 4 5.20 0.63 4 
Co(IIl) NH; 5.04 4 2.44 5.87 e) 

K,,: Disproportionation constant of a mixed complex. 

Ksiay : Stabilization constant of a mixed complex, defined as following; log Ks; log Km 


log Kstar (according to Marcus”) (see foot note p. 965*'). 
Kstat : Statistical value of Km, i.e., the calculated value of Km on the assumption that 
formation of a mixed complex proceeds statistically (see also foot note p. 965*'). 


ki, ko,k eotiene ° 


K: The gross formation constant (according to Bjerrum®), 


a) S. Kida, This Bulletin, 29, 805 (1956). 


Consecutive formation constants of a complex in aqueous solution. 


K=ky-korky--+ky. 


b) R. De Witt and J. Watters, J. Am. Chem. Soc., 76, 3810 (1954). 
c) Y. Marcus, Acta Chem. Scand., 11, 610 (1957). 
d) A. E. Martelle and M. Calvin, ‘‘ Chemistry of the Metal Chelate Compounds ’”’, 


Prentice-Hall, Inc., New York (1952). 
e) J. 
Copenhagen (1957). 


f) J. Bjerrum, Chem. Revs., 46, 381 (1950) 


dig-H=dimethy! glyoxime 
en=ethylenediamine 
aca =acetylacetone 


the orbitals of a donor atom will suffer con- 
siderable deformation by the electric field of 
the central ion, which makes the center of 
negative charge (or “point negative charge”) 
closer to the center of the complex; (2) when 
a metal complex is in solution, the outer part 
of the ligands is surrounded by molecules of 
the solvent, and its mutual electrostatic repul- 
sion between ligands in a complex is reduced, 
since the dielectric constant of the solvent is 
generally large. Accordingly, the only impor- 
tant effect in the mutual electrostatic repulsion 
between ligands is that of the inner part of 
ligands, i.e., “point negative charge” which 
is situated close to the central ion. 

Since the ionic radius of a certain metal ion 
is approximately constant regardless of its 
surroundings, the assumption that the distance 
between a negative point charge and the central 
ion is approximately constant regardless of the 
species of ligands can be applied to practical 
problems. 

It is evident from Table I that the electro- 
static ligand effect, as described above, always 
promotes the formation of a mixed complex. 
Table II shows that log Kstav*! is generally 
positive, indicating that mixed complexes are 
more stable than statistically expected. 

The Effect of (o—) Covalent Bond*’. — Al- 
though the above discussion is based on the 
assumption that the bond between a metal ion 
and a ligand is purely ionic, it always contains 


Bjerrum, ‘‘ Metal Ammine Formation in Aqueous Solution”’, 


Haase and Son, 


some covalent character. 

It has been shown by the above calculation, 
that although the mutual electrostatic re- 
pulsion between ligands in a complex reduces 
its stability, such an effect is smaller in a 
mixed complex than in parent ones, and con- 
sequently the formation of the mixed complex 
is favored. If pure covalent bonds are formed 
by coordination, the central metal ion accepts 
electrons from the ligands, and its electro- 
negativity is decreased. In this case Pauling’s 
electroneutrality principle should be satisfied. 
This principle may be expressed in the follow- 
ing way; if electrons of donor atoms are closely 
concentrated around the central atom, mutual 
repulsion of these electrons acts so as to keep 


For example, in case of an equilibrium of the form, 


MX,+MF, = 2MX:Y2, by definition, 
MX:¥ 
MX,! [MY 
If one assumes that there is no energy difference between 
the species on both sides of this equilibrium, one can 
calculate the value of Ki Statistically. This calculated 
value is defined as K in the present paper. Therefore, 
(Kin-Ketat) is useful as a measure of a stabilizing or 


unstabilizing effect in the formation of a mixed complex 
In this paper, (Km-A ) is designated as the stabilization 
constant of a mixed complex, and denoted by AK » & #, 
it is the ratio of the observed equilibrium constants to 
the statistically calculated ones. Accordingly, if log K 
has a positive value, the mixed complex is easily formed 
from its parent complexes, and vice versa in the case of 
the negative value. 

In this section, the z-bond is not taken into consid- 
eration, and the “covalent” or the 
referred to the bond of e-type only 


““covalency’”’ is 
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the ligands away from each other, just like the 
repulsion between the negative charges of 
ligands in the case of ionic complexes. There- 
it seems to the present author that the 
covalent-bond effects 


fore, 
electrostatic and the (a-) 
work in the same direction. 

From the above discussion, it Is expected 
that the covalent bond effect is inclined to 
promote the formation of a mixed complex, 
quite analogously to the electrostatic effect, and 
accordingly. mixed-complex formation might 
also be favored in penetration complexes, such 
as those of cobalt(II]) and chromium(III). The 
fact that this expectation is fulfilled is seen in 
Table Il (though examples of this kind are 
rare). Furthermore, the stabilization constant 
of a mixed complex, Ksia,*', appears to have 
a tendency to become larger as the _ stabilities 
of the parent complex become larger. For 
instance, in the case of ethylenediamine com- 
plexes the increasing order of the value of the 
log K of Mn(1I), FeCl), Co(II) and Ni(II) 
complexes is in accord with that of the stabilities 
of these complexes (log K ), as seen in Table II. 

hus, since the log K.,.,"s*' are neither random 
nor show an _ increase in value followed by a 
decrease, we may conclude from these results, 
that the covalent-bond has no tendency 
to depress the formation of a mixed complex. 


effect 


Cases where Mixed Complexes are not Ob- 
served. In the preceding papers some 
special cases were reported in which mixed 


complexes could not be detected. These are 
divided into two groups; 1) those similar to 
some nickel(II) complexes, and 2) those which 
may be exemplified with platinum(ID) 
complexes. 

It is well known that nickel(II) forms two 
types of complexes; one having paramagnetic 
octahedral configuration, such as |Ni(QH,)<«| 
INiCNH,)«| and [Ni en,| etc., and the 
has a diamagnetic square planar 
INi(CN),| and 


some 


other which 


configuration, such = as 


INi(C.O.S,).]°~** ete. It was verified, in the 
preceding paper, that in both of the mixed 
solutions of |Ni(OH.),|°* and [Ni(C.O.S.).|°~, 
and |Ni en,| and |Ni(CN),|°~, no mixed 


complexes were formed. It was also reported 
by Kato? that an ammine-biuret nickel(II) 
complex could not be solution, 
Whereas an ammine-biuret copper(II) complex 
was easily formed in solution. This was at- 
tributed to the fact that the biuret nickel(II) 
complex has a planar configration, while the 
amine nickel(Il) complex has an octahedral 
one. From these observations it appears that, 


detected in 


5) S. Kida, This Bulletin, 32, 982 (1959) 
6) S. Kida, ibid., 33, 587 (1960). 
7) M. Kato, Z. anorg. Chem., 300, 84 (1959) 


* C,O.S,- dithiooxalate- 
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in general, no mixed complex can be formed 
when the reacting species (parent complexes) 
are different in geometrical configuration. 

It is to be noted that no mixed cyano plati- 


num(II) complexes have been found; for in- 
stance, aS was reported in the _ preceding 
papers’, each of the complex ions, e.g., 


[Pt Cl,] [Pt Br;] ’ and [Pt en.]**, reacts 
with cyanide ions in solution forming the 
complex ion, [Pt(CN),]*~, only, regardless of 
the fact that mixed cyano complexes of other 
metal ions, such as [Pd(CN). en], [Ni(CN)>- 
(C.0.S,)] and [Cd(CN). en] are easily 
formed':*. This example illustrates that mixed- 
complex formation does not always occur 
between complexes of the same configuration, 
since platinum(II) complexes are known to 
posses a diamagnetic square planar configura- 


tion. 

TABLE III]. FORCE CONSTANTS OF THE METAL- 
CARBON AND THE METAL-NITROGEN BONDS IN 
THE CYANO- AND THE AMMINE 
COMPLEXES! (md./A) 

Pt(CN),]° 3.43 [Au(CN )2] 1.83 
Pt(NH;);]° 2.80 [Hg(CN)>] 2.61 
[Co(CN) 2.323 [Ag(CN):] 1.83 
[Fe(CN ),]4 2.20 {Hg NH 1.70 
1) S. Mizushima and T. Shimanouchi, ** In- 


frared Spectra and Raman Effect’, Kyo- 
ritsu Co., Tokyo (1958). 

2) F. A. Cotton, ‘* The Infrared Spectra of 
Transitional Metal Complexes’, Ch. 5 in 
J. Lewis and D. G. Wilkins ed., ** Modern 
Coordination Chemistry ” Interscience 
Publ. Inc., New York (1960), p. 335 


In order to clarify the above fact, attention 
was first directed towards the platinum-cyanide 
bond, to which the strong covalency should 
be attributed on the basis of the infrared ab- 
sorption studies as indicated in Table III. The 
behavior of the platinum(II) complexes men- 
tioned above is paradioxical, if one considers 
only the o-covalent-effect since o-covalence 
of the coordination bond promotes the for- 
mation of a mixed complex, as discussed before. 
Therefore, there must be another factor which 
is greately responsible for this paradox......, the 
formation of z-bonds between platinum and 
carbon, a distinctive feature of the cyano 
complex. 

The existence of z-bonding in cyano com- 
plexes has been discussed by many authors 
It is now believed that z-bonds plays an im- 
portant role in regard to the remarkable 
stability of cyano complexes. 


8) S. Kida, This Bulletin, 33, 1204 (1960). 
9) For instance, D. P. Craig, A. Maccoll, R.S. Nyholm, 
L. E. Orgel and L. E. Sutton, J. Chem. Soc., 1954, 332. 
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Assuming that the ligand which is capable 
of forming a z-bond with a central metal ion 
has a tendency to exclude the ligand which is 
not able to undergo z-bonding, one may expect 
that the ligand which has such a donor atom, 
containing an unsaturated z-oribital, could form 
a mixed cyano complex to a greater or less 
extent. A suitable example can be found in 
complexes of the type, [Co(CN);X|] ; the 
pentacyano cobalt(III) complexes, |Co(CN) 
X|”“~, can be synthesized, when X=NO.~,N;7, 
S.0;°-, SCN-, Cl-, Br~ and I-, while in the 
cases when X=NHs; and F~, which are con- 
sidered to have no tendency to form z-bonds, 
the pentacyano complexes have not been syn- 
thesized. Furthermore, it is interesting to note 
that the stability of the pentacyano complex, 
Co(CN);X] seems to increase in the order 
of X=CI-, Br- and I , but on the other 
hand the order is observed in the 
halogeno-pentammine cobalt(III) complexes 

Although the complex ion, [Co(CN), dip] 
dip dipyridyl) can be prepared’, the com- 
plex ion, [Co(CN),; en|]~, is unknown. This 
fact may be due to the same reason as in the 
above case, since the dipyridyl molecule has 
an unsaturated z-orbital in its donor atom, 
ethylenediamine molecule has no 
According to this assumption, it 
Ss expected that the ligand which has unsatu- 
rated <z-orbitals in its donor atom, such as 
dipyridyl, forms the complex where log K., 

IS negative, as seen in Table II; it is a re- 
markable exception to the general rule discussed 
above. 

Now, we must consider the reason why the 
ligand which has the unsaturated <z-orbital 
tends to exclude from the complex the ligand 
having no such orbital. 
electrons of donor atoms are concentrated on 
the central atom as the result of coordination, 
ind thus, the repulsion of these electrons de- 
presses the stability of the complex. This effect 
was considered analogous to the electrostatic 
one, and accordingly, it was expected to exert 
a similar influence on the formation of a mixed 
complex. On the other hand, the formation 
of z-bonds between the central metal ion and 
its donor atom allows electrons from the satu- 
rated d,-orbitals of the central metal ion to be 
donated into unsaturated z-orbitals of ligand 
atom, lowering the electron concentration on 
the central metal atom. Thus, very strong 


reverse 


whereas the 
such orbital. 


As discussed before, 


coordination bonds can be formed in cyano 
) J. Fujita, Reported at the Symposium on Coordina 
yn Compounds, Tokyo, November, 1958 
1! J. Fujita, Private communication 
2) S. Ahrland, Acta Chem. Scand., 10, 723 (1956) 


L. Cambi and E. Paglia, ** Chemistry of Coordination 


Compounds A Symposium) Vol. 1, Pergamon Press 


1958), p. 249 
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complexes (especially in the case of platinum- 
(11)), without decreasing the electronegativity 


of the central atom. Therefore the “ o-bond 
effect’, which is considered to promote mixed- 
complex formation, can be weakened by this 


“ z-bond effect” to a greater or less degree. 

Since the “ o-bond above 
is the only strong effect of many factors caused 
by o-bond formation, when it is eliminated or 
weakened by z-bonding, some other effects, in 
turn, may possibly play an important role in 
determining the relative stability of mixed 
complexes, perhaps acting to depress mixed 
complex formation. For these new effects the 
present author has made some considerations ; 
for instance, in the case of platinum(II) com- 
plexes dsp’- and d'p- hybridization of the 
orbitals can best be formed when all the ligands 
coordinated are the same species’ This would 
make the mixed complex less stable than the 
parent ones. 

In order to achieve a final conclusion, how- 
ever, further studies are needed. 


effect’ discussed 


Summary 


The stability of a mixed complex, {|MA;Bj], 
was discussed and compared with the complexes, 
|{MA,| and [MB,], (where A, B and M re- 
present ligands and central ion, respectively, 
and i+j=n). 

It was verified by calculation that the electro- 
Static exerts an influence so as to pro- 
mote the formation of a mixed complex. The 
effect of a-covalency of the coordination bond 
can be considered analogously to the electro- 
static one, and is expected to have a similar 
influence upon mixed-complex formation. The 
above discussion is supported by experimental 
data, showing that the mixed complex is formed, 
more often than can be expected 





effect 


in general, 
statistically. 

However, there are 
above-mentioned rule, for 
cases of cyano platinum(II) complexes or di- 
They are attributed to z- 
bonding between the ligands and the central 
ion. Discussion has been made concerning 
the reason why z-bonds depress the formation 


exceptions to the 
instance, in the 


some 


pyridyl complexes. 


of mixed complexes. 


The author wishes to express his sincere 
thanks to Professor R. Tsuchida of Osaka 
It was verified by Pauling that (L. Pauling Nature 
of the Chemical Bond”, Cornell University Press, New 
York 1940 dsp -hybridization brings about the larger 


overlapping of the a-orbitals between the ligands and the 
atom in planar complexes, such as those of 


Although not verified, the present author 


central 
platinum(II) 
believes that it is very probable that in planar complexes 
=-bonding is most favorably achieved by d'p-hybridization 
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On the oxidation of monocyclic terpene 
compounds of p-menthane type, such as d- 
carvomenthene”’, d/-a-terpineol”?, d/-a-terpinyl 
acetate, d-limonene» and terpinolene”, with 
tert-butyl chromate, it has been previously stated 
in this series that, in general, an active methyl- 
ene adjacent to an endocyclic double bond was 
preferentially oxidized to an a, S-unsaturated 
carbonyl. This fact has also been reported by 
Dupont et al. on the oxidation of carvomen- 
thene by this oxidant. All these communica- 
tions concerned the oxidation of the terpene 
compounds which have an endocyclic double 
bond between Cc,) and Cc) in the skeleton of 
p-menthane type. 

The present investigation deals with the 
oxidation of d-p-menthene-3 (1), which has an 
endocyclic double bond between Cc) and Cc,, 
on purpose to compare the oxidative action of 
tert-butyl chromate with that in the previous 
experiments. 


Results 


d-p-Menthene-3 employed was prepared by 
pyrolysis of /-menthyl xanthate’?, but it was 
accompanied by a by-product, d-p-menthene-2, 
in the yield of 30%. 

The oxidant, of type C presented by Oppen- 
auer et al.?, was prepared in the manner 
similar to that in the previous reports'~* from 
chromic anhydride and tert-butyl alcohol ; also 


1) Part VI: T. Matsuura, K. Saito and Y. Shimakawa, 
This Bulletin, 33, 1151 (1960 

2) K. Fujita and T. Matsuura, J. Sci. Hiroshima Univ., 
Al8, 455 (1955). 

3) T. Matsuura and T. Suga, J. Chem. Soc. Japan, Pure 
Chem. Sec. (Nippon Kagaku Zasshi), 78, 1117 (1957) 

4) T. Matsuura, T. Suga and K. Suga, ibid., 78, 1122 
(1957) 

K. Fujita, ibid., 78, 1112 (1957) 

6) G. Dupont, R. Dulou and O. Mondou, Bull. soc 
chim. France, 1953, 60 

7) L. Tschugaeff, Ber., 32, 3332 (1899) 

8) R. V. Oppenauer and H. Oberrauch, Anales asox 
quim. Argentina, 37, 246 (1949) 


glacial acetic acid and acetic anhydride were 
added. The mole ratio of the sample to tert- 
butyl chromate was 1 to 3. 

The oxidation reaction was carried out at 
50°C during 36hr. After the reaction was 
over, an excess of the oxidant was decomposed 
and then the reaction mixture was separated 
into an aqueous solution and a benzene solu- 
tion. 

In the aqueous solution, a trace of the un- 
changed starting material and a small quantity 
of acetone were found. From the benzene 
solution was obtained a crude neutral oil, 
which was fractionally distilled, whereas no 
acidic product was isolated. The fractions thus 
obtained were separated into their constituents 
by elution-chromatography. The constituent 
in the low-boiling fractions (b. p.;, 51~77-C) 
was identified with the starting material, which 
accounted for 7.9% of the initial quantity, 
while those in the high-boiling fractions (b. p. 
75~150°C) consisted of d-carvenone (II), dl- 
p-menthen-3-one-5 (III) and an_ unidentified 
carbonyl compound in the yields of 49.6, 15.6 
and 4.2%, respectively. 

Besides, there was no identification of any 
compound which seemed to come from the 
oxidation of d-p-menthene-2 admixed in the 
starting sample. 


Discussion 


On the above oxidation of d-p-menthene-3 
with tert-butyl chromate, it was clarified that 
an active methylene adjacent to the double 
bond is selectively oxidized to a _ carbonyl 
without an oxidative cleavage the double 
bond or an attack at the side chains. Between 
d-carvenone and dl-p-menthen-2?-one-5 obtained 
by this oxidation, it would be considered 
that d-carvenone is also produced from d-p- 
menthene-2 admixed in the starting sample. 
Now, on the assumption that d-p-menthene-2 
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TABLE I 
la 
Sample 
—OH —OAc y 
(VIII) 
' O 
0,74 O.A OA O O 
Main-product 
| —OH \OAc 7 
/ f 
(IX) 
A ZA Va rN ri ; 
By-product O O \/430 O O 0’ none 
y /NOH -OAc a /\ 


is oxidized entirely to d-carvenone, the amount 
of d-carvenone calculated from d-p-menthene-2 
is subtracted from the total amount of d-car- 
venone. Even in this case, the remaining 
amount of d-carvenone is larger than the yield 
of dl-p-menthen-3-one-5. Therefore, it may 
be said that, between the two active methylenes 
in the molecule of d-p-menthene-3, the oxida- 
tion of the Cc) active methylene to a carbonyl] 
(to give Il) proceeds predominantly in com- 
parison with that of the Ccs) active methylene 
(to III). On the other hand, it has been previ- 
ously made clear on the oxidation of d- 
carvomenthene (d-p-menthene-1, I[V)*:*' with 
the same oxidant under conditions similar to 
those of the present work that the C¢ 
methylene activated by the vicinal double bond 
between Cc:) and Cg) is predominantly oxidized 


A\29 
. O’\4 
II I Il 
oO A 
O 
\ IV VI 
HO 
OH 
Vil 
Fig. 1 
Kozo Fujita, to be published 


as a main product) 
active 
small 
in 


to a carbonyl (to give V 
accompanying the oxidation at the Cvs) 
methylene (with the formation § of 
amounts of VI and VII). These are shown 
Fig. 1. 

It is interesting to consider why one of the 
two characteristic methylenes is predominantly 
oxidized by this oxidant. On the oxidation of 
d-carvomenthene, an active methylene adjacent 


to C-position in C(R) CH- linkage is predo- 
minantly oxidized to a carbonyl, yielding dl- 
carvotanacetone (V). If the oxidation reaction 
of d-p-menthene-3 proceeds in a manner ana- 
logous to that in the case of d-carvomenthene, 


the C methylene should be preferentially 
attacked. But this is not the case; the result 
of the present work shows, contrary to ex- 


pectation, that the Cc.) methylene remote from 


* *” 
the C-position in-C(R)=CH- linkage OXi- 
dized preferentially to a carbonyl yielding d- 
carvenone (II). It may therefore be considered 
that an active methylene which is predominantly 


attacked is not always located at the position 


18 


* 
adjacent to the C-atom in -C(R)=CH- linkage. 
However, there an analogy between the 
oxidation of the two isomers, when attention 
is paid to the distance from an easily oxidizable 
methylene to the two chains. That 
whether a double bond may be located between 


1S 


side iS, 


c and C or between C and C the 
active methylene remote from the isopropyl 
group is predominantly attacked. This may 


be tentatively explained on the assumption that 
the steric inhibition of the isopropyl group to 
the oxidizability of an active methylene is re- 
duced with the increase of the distance between 
the two groups, isopropyl and active methylene, 
while the effect of the methyl group is small. 
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This assumption may be supported by the 
results obtained from the oxidations of the p- 
menthane-type terpene compounds with fert- 
butyl chromate ’, which are shown in Table 
I, omitting the oxidative fission product, homo- 
terpenyl methyl ketone. Moreover, it has been 
reported that I-phenylcyclohexene (VIII) yields 
exclusively 3-phenylcyclohex-2-enone (IX) by 
this oxidant. 
Oxidizability of an active methylene 
from the phenyl group in the molecule. 

In the present work, when the p-menthene-3 
(1) employed was dextrorotatory, among the 
reaction products, carvenone (II) showed the 
dextrorotation, whereas p-menthen-3-one-5 (III) 
was optically inactive. Similarly among the 
oxidation products of d-carvomenthene (IV)?:*', 
carvotanacetone V_was_ optically inactive, 


remote 


whereas piperitone VI was dextrorotatory. 

In these cases, such optically inactive products 
as p-menthen-3-one-5 and carvotanacetone result 
from the oxidation of an active methylene 


k 
adjacent to the C-atom in ~-C(R)=CH~- linkage 
(C in lor C in IV). It may be assumed 
that, on the oxidation of d-p-menthene-3 with 
tert-butyl chromate as well as in the case of 
d-carvomenthene, an optically inactive product 
is given by the formation of a dl-form via 
tautomeric intermediate radicals. This ts 
confirmed by the fact that, on the oxidation of 
d-limonene », d/-carvone is given as the result 
of the attack on an active methylene at the 
similar relative position. 

It may be furthermore considered that acetone 
found in the aqueous solution is formed by 
the oxidation of surviving tert-butyl alcohol in 
the concentrated oxidant 


also 


Experimental 


Oxidation of d-p-Menthene-3. 
he material (b. p. 164.5~165 C, n 


t 
nitrosochloride m. p. 


l-p-Menthene-3 
1.4498, d 
O.8116, La 111.9 127-~ 
127.5 C) was prepared by the method of Tschugaeff 
Which consists in treating /-menthol (m.p. 42.5~ 
43.5 C) with metallic sodium and carbon disulfide 
methylating the resulting 
menthylxanthate with methyl todide on 
dilution with ether, pyrolyzing the methyl menthyl- 
xanthate thus obtained (m. p. 39~40-C) at 210 C, 
and rectifying the crude product. 

The hydrocarbon obtained as above was analyzed 


in toluene successively, 


sodium 


according to the racemization procedure of Hiickel 
et al. by refluxing with toluene-p-sulfonic acid 
in ethanol solution, and it was shown that this 
contained 70.1 of d-p-menthene-3 and 29.92, of 
d-p-menthene-2. Because of the difficulty of iso- 


lating the two components, this material was used 


, D. Ginsburg and R. Pappo, J. Chem. Soc., 1951, 516 
10) T. Suga, J. Chem. Soc. Japan, Pure Chem. Sec Nippon 
Kueaku Zasshi), 80, 948 (1959) 

11) W. Huckel and W. Tappe, Ann., 537, 113 (1939) 
12) W. Hiickel, W 543. 197 
(1940) 


Tappe and G. Legutke, ibid 


There is also a predominance of 
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as the sample without further separation. 

Oxidant.—tert-Butyl chromate used as an oxidant 
was prepared by adding 120g. of chromic anhydride 
in small portions to 266g. of tert-butyl alcohol 
under ice-cooling, diluting the resultant with 
600 cc. of benzene, drying the resulting benzene 
solution over anhydrous sodium sulfate, and con- 
to 75 vol. % under reduced pressure. 
To the concentrated solution were added 80g. of 
glacial acetic acid and 110g. of acetic anhydride 
just prior to the oxidation. 

Oxidation Process. The acidified 
added dropwise with stirring at 50-1°C 
the starting material during 2 hr., and continuously 
stirred at the same temperature for a further 34 hr., 
under an atmosphere of carbon dioxide. 

The reaction mixture was then left to stand at 
room temperature for 12 hr. and treated with water 
and oxalic acid to decompose the excess of the 
oxidant. The resulting mixture was separated into 
two layers, an aqueous solution and a_ benzene 
solution, and the former was repeatedly extracted 
with benzene. The benzene extract was then com- 
bined with the benzene solution. 

Identification of Oxidation Products.— Benzene 
Solution.—The combined benzene solution mentioned 
above was washed with water and was treated with 
a saturated aqueous solution of sodium bicarbonate 
to extract acidic products. After further washing 
with water, drying over anhydrous sodium sulfate 
and removing the solvent, the resulting benzene 
solution gave a neutral brown oil which amounted 
to 56.8 g. 

Neutral Oil.—The crude neutral oil obtained above 
was fractionated to 13 fractions and left a resinous 
residue in an amount of 7.67g. The yield and 
physical properties of these fractions were given as 
in Fig. 2. 

l Low-boiling Fractions 51~77°C). 
The total yield of fractions | and 2 amounted to 
10.3%, of the neutral oil*- or to 7.9% of the start- 
ing material. On the strip-chromatogram!», sprayed 


centrating it 


Oxidant was 
to 55g. of 


(b. p.s 


Fraction number 
25 1 3 5 5 
‘ie _ aed 


1.0000 &mmHet 
} 





} 
150r 
0.9500 F 
-5000 
11.4900 


0.9000 + 


4 1.4800 


| 1.4700 
| 


] 1.4606 
a. + 1.4500 

10 80 100 
Yield, 
Fig. 





5 


It shows hereafter the neutral oil free from distilla- 
yn residue 
13 J. G. Kirchner, J. M. Miller and G. J. Keller, Anal. 
Chem., 23, 420 (1951); J. M. Miller and J. G. Kirchner, 


, 
25, 1107 (1953) ; T. Furukawa, J. Sci. Hiroshima Univ., 
A21, 285 (1958) 


ibid 





July, 1961] 


with Svol.?, concentrated nitric acid in concen- 
trated sulfuric acid, these two fractions showed 
only one spot of R-** value 0.89 agreeing with that 
of the starting material. Furthermore, these frac- 
tions gave d-p-menthene-3 nitrosochloride, m. p. 
127~128°C, showing no depression by mixing with 
the known sample. From the estimation by the 
racemization procedure mentioned above!!:! 
found that the combined low-boiling fraction con- 
sisted of 98 of p-menthene-3 and 22%, of p-men- 
thene-2. 

It was thus confirmed that the low-boiling frac- 
tions were virtually unchanged p-menthene-3. 

(2) High-boiling Fractions (b. p.; 75~150°C). 
The total yield of high-boiling fractions, from frac- 
tion 3 to fraction 13, amounted to 89.7%, of the 
neutral oil or to 69.3% of the starting material. 
The strip-chromatograms of these fractions, sprayed 
with 2,4-dinitrophenylhydrazine-hydrochloric acid, 
gave two notable spots, Rr values of which were 
0.47 and 0.35, respectively, and a faint spot of R 
value 0.20. Every fraction was then eluted through 
a silica gel column with 15~20 vol. 


. It Was 


ethyl acetate 
in n-hexane, giving the following constituents 

(a) dl-p-Menthen-3-one-5.—The component which 
gave a spot of R; value 0.47 (yield: 20.1% to 
the neutral oil or 15.6% to the starting material) 
showed the optical rotation [a]\j 0° (c¢ 8.73 in 


ethanol, / 0.947). An absorption maximum 4 


56.2) in the ultraviolet spectrum and 
an absorption band at 1675cm~! (liquid film) in 
the infrared spec.rum indicated the presence of an 
a, 5-unsaturated carbonyl group. In the infrared 
absorption spectrum, two special wave numbers 1360 
and 809 cm characteristic of the isopropyl group 
and of the linkage of type R;ReC=CHR,. respec- 
tively, were also observed. 

The component gave the following derivatives, 
agreeing with those of dl-p-menthen-3-one-5,  re- 


spectively. 


235 me (a*4 


Semicarbazone, m. p. 142~142.5-C (lit., 142 C'®, 
141~142°C'™). 

Oxime, m.p., 66°C (lit., 66°C" 

2,4-Dinitrophenylhydrazone, m.p. 143~143.5 C 


(lit., 145~146°C'®™). 

These showed that this component consisted of 
dl-p-menthen-3-one-5. 

(b) d-Carvenone.—The component which gave 
a spot of Rr 0.35 (yield: 71.5 to the neutral oil 
or 49.6 to the starting material) exhibited the 
optical rotation [a]}{ 45.4 (c 10.16 in ethanol, 
1 0.947). The ultraviolet spectrum of the component 
showed the absorption maximum 4 234m (a 
96.5), which corresponded to that of a, 5-unsatu- 


rated ketone. 
The following 


derivatives, prepared from the 


R; shows hereafter the value on chromatogram which 


was developed with 15 vol. ethyl acetate in n-hexane on 
a silica-plaster of Paris (4:1) strip 

Absorptivity, using the concentration in ¢ 
the cell length in cm. 
14) Q. Wallach, Azn., 397, 213 (1913); A. Kotz and H 
Steinhorst, “ Beilstein, VII,;-66 (Ann., 379, 23 (1911 
15) W. Treibs, G. Lucius, H. Koégler and H. Breslauer 
Ann., 581, 59 (1953 
16) H.E. Eschinazi and H. Pines, J. Am. Chem. S 78 
1176 (1956) 
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component, agreed well with those of d-carvenone 


respectively 


Semicarbazone, m.p. 200~201 € (lit 199-~ 
201 C 

2,4-Dinitrophenylhydrazone. m.p. 165 C (lit., 
164°C"). 


Thus, it was established that this 
consisted of d-carvenone. 

(c) Unidentified Carbonyl Compound.—-The com- 
ponent gave a spot of R; value 0.20. Its vield 
amounted to 5.5%, of the neutral oil or 4.2%, of 
the starting material. The component was considered 
to be a carbonyl compound because of its positive 
reaction to the carbonyl reagents. sodium nitro- 
prusside and  2,4-dinitrophenylhydrazine But, 
owing to its small quantity, further 
Was given up. 

The Extract with Sodium Bicarbonate Solution 
Acidified with 10%. sulfuric acid and extracted with 

sodium bicarbonate 
dark-brown viscous oil in the amount of 2.5g., 


from which no reaction 


component 


investigation 


ether, the extract gave a 
product was distilled out 
but the resinous residue remained behind 

Aqueous Solution.—-The aqueous solution mentioned 
above was neutralized with sodium carbonate and 
extracted with chloroform and ether, successively. 
and the residual solution was distilled out. From 
both of the extracts and from the aqueous distillate. 
a trace of the starting sample was found on the 
strip-chromatogram and a small amount of acetone 
was isolated as its 2,4-dinitrophenylhydrazone, 
m.p. and mixed m. p. 125~126 C. 


Summary 


On oxidation with tert-butyl chromate, d-p- 
menthene-3 gave d-carvenone as a main product 
and dl-p-menthen-3-one-5 as a by-product. 

In this oxidation, it is found that, when an 
endocyclic double bond is in the position be- 
tween Cos) and Cc,) in monocyclic terpenes of 
p-menthane type, two active methylenes adjacent 
to the endocyclic double bond are selectively 
oxidized to carbonyls as in the case of the 
terpenes containing an endocyclic double bond 
in the position between Cc;) and Cc., and that, 
between the two active methylenes, the one 
remote from the isopropyl group attached to 
Cc, is preferentially attacked rather than the 
other which is close to the same group. 
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lodine-photocatalyzed cis-trans Isomerization of Stilbene 


By Shigeru YAMASHITA 


(Received November 2, 1960) 


The light absorption of a solution of cis- or 
trans-stilbene in an inert solvent such as n- 
hexane and carbon tetrachloride covers a range 
of wavelength shorter than about 350 my 
Stilbene in such a solvent undergoes isomeri- 
zation when irradiated by the light of wave- 
length shorter than 350mye whereas the light 
of longer wavelength is ineffective. In the 
presence of iodine, however, it may be possible 
that the light of longer wavelength becomes 
effective. Iodine which is known to catalyze 
the cis-trans isomerization of a number of 
organic compounds” has an absorption maxi- 
mum at about 520 my in the above solvents; 
in addition, cis- or trans-stilbene and iodine 
form a 1:1 molecular complex whose absorption 
maximum is situated in the neighborhood of 
400 mvt in these solvents”. 

In this paper a spectrophotometric study is 
reported about the kinetics of isomerization of 
stilbene in n-hexane solution with added iodine 
under the irradiation of light. The range of 
light wavelength was adjusted by filters in 
order to investigate the effect of light absorp- 
tion by iodine and the  iodine-stilbene 


complex. 


Experimental 


Procedure.—In Fig. 1 the absorption curves of 
cis- and trans-stilbene, their iodine-complexes, and 
free iodine in n-hexane solution are shown. The 
absorption curves of iodine-complexes appear in the 
shorter wavelength than that of free iodine absorp- 
tion, indicating the blue shift of the visible band 
of iodine caused by complex formation. The 
Mazda SHL-100UV mercury lamp was used for the 
light source. Taking the above absorption curves 
into account, the mercury lines to be used for 
irradiation were filtered out as follows: the use of 
the Mazda V-03 filter gave the light beam in the 
range of wavelength 530~600 my: which was absorb- 
ed practically solely by iodine; by use of the 
combination of Walz UV and Mazda V-P1.5 
filter, the reaction system was irradiated by the 
light in the range 360~430 my which was absorbed 


1) G. N. Lewis, T. T. Magel and D. Lipkin, J. Am. 
Chem. Soc., 62, 2973 (1940). 

2) a) G. M. Wyman, Chem. Revs., 55, 625 (1955). b) B. 
lamamushi, This Bulletin, 19, 147 (1944). c) R. E. Wood 
and R. G. Dickinson, J. Am. Chem. Soc., 61, 3259 (1939). 
d) R. G. Dickinson et al., ibid., 71, 1239 (1949). e) Y. 
Urushibara and O. Simamura, This Bulletin, 12, 507 
(1937). 

3) S. Yamashita, ibid., 32, 1212 (1959). 


log ¢ 
4 





wavelength, my 
Fig. 1. Molar extinction coefficients. C 
and T are cis- and trans-stilbene ; CI, and 
TI, are respective molecular complexes 
with iodine. 


by the iodine-cis-stilbene complex. 
For the trans-—-cis isomerization of stilbene the 
combination of Mazda UV-D2 and an aqueous 
solution of copper nitrate was used as a filter. 
This allowed the light in the range of 310~400 my 
to enter the reaction vessel. The absorbing species 
in this case are trans-stilbene and its iodine-complex. 
Although there was a little overlap of absorption 
of the exciting light by the iodine-cis-stilbene and 
iodine-trans-stilbene complex on account of some 
imperfections in the monochromatism of exciting 
light, the contribution of the reverse process was 
negligible since the measurements of isomerization 
rate were confined to the initial low conversion 
stage. Because of the low concentration of the 
absorbing species, the rate of absorption of light by 
the reaction system was taken as proportional to 
the incident light intensity and to the concentration 
of the light absorbing entity as in the previous 
work”. Quantum yields were also obtained by the 
same procedure as that given in the work”. 


almost solely 


Results and Discussion 


Conversion of cis-Stilbene in the Range of 
Wavelength 530~600 mz.— As shown in Figs. 2 


4) S. Yamashita, ibid., 34, 487, 490 (1961). 
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and 3, the rate of isomerization is proportional 
to the square root of light intensity, to the 
cis-stilbene concentration and to the square 
root of iodine concentration. Accordingly, 
when J, represents the intensity of the incident 
light, (C) the initial concentration of cis- stilbene, 
and (I.) the initial concentration of iodine, the 
rate of conversion is given by 


-d(C) /dt=kI,'/7(C) (I2)*/” (a) 


Fig. 4 shows the Arrhenius plot of the 
values of k obtained at 10, 15, 20, 25 and 30°C 
which yields the activation energy of 7.60.1 





- "a 
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-) 
cs) 
: O 
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) 
~ 
c —_— — 
i 
Square root of light intensity (relative value) 
Fig. 2. Dependence of the rate of cis—trans 
isomerization on light intensity. Wave- 
length, 530~600 my; temperature, 25°C; 
(C), 5.0 10-5 (mol./1.); (Iz), 5.010 
(mol./1.). 
square root of iodine concentration (-@-) 103 


(mol!/2/11/2) 
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Fig 3. Dependence of the rate of cis trans 


isomerization on the concentration of cis- 
stilbene and iodine. 
Wavelength, 530~600 m» ; 
25°C . 
Curve A is for (C)=5.0x 10 
Curve B is for (In) =5.0« 10 


temperature, 


(mol. /1.) 
(mol./1.) 
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3.3 4 
1/T x 103 


Fig. 4. Temperature dependence of the 
rate constant. Wavelength, 530~600 mz ; 
I,, 6.6X10~-* Einstein/sec. 


kcal./mol. The quantum yield referred to 
free iodine as the absorbing entity was found 
to be about 0.08 at 25°C under the condition 
that (C)=5.0x10->mol./1., (1.)=5.0x 10-5 
mol./1., J,=2.23; x 10~° Einstein/sec. 

The rate expression (a) is identical with that 
obtained for the iodine-catalyzed thermal cis— 
trans conversion of stilbene in the previous 
work” except for the light intensity term. It 
seems therefore most probable that the iodine 
atoms produced by photodissociation of iodine 
molecules catalyze the conversion § reaction 
with the same mechanism as in the case of 
thermal reaction, since in the wavelength range 
concerned here iodine is the only light-absorb- 
ing entity. The reaction is thus represented 
by the following scheme: 


I,+ hy » J+] (1) 
C+lI » (2) 
co » C+ (3) 
Cl » FI (4) 
TI > T+I (5) 
I+] > I, (6) 


Here, C and T represent cis- and trans-stilbene 
respectively. Provided that the concentration 
of transient complexes CI and TI are sufficiently 
small, this scheme leads to the following 
expression for the reaction rate in the steady 


State: 


-d(C) /dt={ajl*koks/(k3+ks)k 


X [,'/?(C) (12) /? (b) 


where a; is equal to @;a;l; 4;, a; and / denoting 
the quantum yield of the photodissociation of 
iodine, its molar absorption coefficient and the 
light path length, respectively. 

Eq. b is consistent with the experimental 
rate expression (a) and hence 


k= ail *koks/(k k,)k 
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k-k a kok s/(k3+- ky) (c) 
It has previously been found that the term 
kk, (k,~k:) has a temperature dependence 


corresponding to an activation energy of 7 kcal. 


mol. in the iodine-catalyzed thermal cis 


trans isomerization of stilbene in n-hexane 
Since the temperature dependence of a, and 
k. are reasonably supposed to be small. the 


fact that the rate constant k in Eq. c has an 
almost identical activation energy of 7.6 kcal 
mol. may be taken as evidence in favor of the 
reaction scheme given above. The relatively 
low value of the quantum yield obtained here 
may be ascribed to the recombination of iodine 
atoms in reaction 6 and to the small quantum 
yield of iodine photodissociation © Accord- 
ing to the results reported by Meadows and 
Noyes’’, the values of 6; observed under irradi- 
ation of 546 and 577~579 myst mercury 
are respectively 0.46 and 0.36 in a-hexane 
solution at 25°C. 

It has been suggested by the present author 
that the photoisomerization of cis-stilbene may 
involve a triplet state It is generally accepted 
from the studies of phosphorescence phenomena 
that the internal conversion between the singlet 
and triplet state is facilitated in the presence 
of heavy atoms such as lead or iodine 
Eyring and Harman” explained the catalytic 
activity of paramagnetic substances observed in 
cis-trans isomerization reactions by such an 
internal conversion mechanism. Hence, as 
described in the previous study of the iodine- 
catalyzed thermal cis-trans conversion of cis- 
stilbene’, it is likely that a triplet state plays 
a role in the process 4 although the present 
work provides no definite evidence for such 
an interpretation 

Conversion of cis-Stilbene in the Range of 
Wavelength 360~430 mz. Effect of concentra- 
tions and light intensity on the conversion 
velocity are shown in Figs. 5 and 6. The rate of 


lines 


5) This fact implies that the activation energy for the 


iodine-catalyzed isomerization of cis-stilbene under irradia 
tion of light in this range of wavelength is lower than 
that for the iodine-catalyzed thermal isomerization by 
half the dissociation energy of molecular iodine as it 
should be (see Ref. 4 

6) a R. L. Strong and J. E. Willard, J. Am. Chem 
Soc., 79, 2098 (1957 b) E. Rabinowitch and W.C. Wood 
Trans. Faraday Soc., 31, 547 (1935 

oD # 2.5 Meadows and R. M. Noyes, J. Am. Chem 


Soc., 82, 1872 (1960 
153 (1960). 

8) a) D. S. McClure, J. Chem. Phys., 17, 905 (1949 
b) E. Clement and M. Kasha, ibid., 26, 956 (1957). 

9) R.A. Harman and H. Eyring, ibid., 10, 557 (1942). 
10) In the course of the present work phosphorescence 


b) R. M. Noyes, Z. Elektrochem., 64 


was studied with a phosphoroscope similar to that describ- 
ed by Kasha 
-methylcyclohexane rigid 


The results obtained with cis-stilbene in 


isopentane solvent at liquid 
nitrogen temperature showed that the lifetime of the 
phosphorescent state was remarkably shortened by the 


presence of iodine 
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Fig. 5. Dependence of the rate of cis 
trans isomerization on light intensity. 
Wavelength, 360~430my/; temperature, 
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Fig. 6. Dependence of the rate of cis trans 


isomerization on the concentration of cis- 

stilbene and indine. 

Wavelength, 360~430 mz ; 
25°C 

Curve A is for (C)=5.0x 10 

Curve B is for (I,) .0« 10 


temperature, 


(mol./1.) 
(mol./1.) 


wa 


reaction is therefore represented by an equation 
of the same form as Eq. a. 


-d(C) /dt=k'I,'/°(C) (Lh) (d) 


The reaction mechanism, however, can not be 
supposed to be identical with that given above 
for the reaction under irradiation of light 
530~600 mv: the quantum yield of conversion 
obtained by assuming the absorbing 
again to be free iodine proves to be almost 


species 
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100 times’ as great as that found in the range 
530~600 my, and such a large variation can not 
be explained merely by the difference between 
the quantum yields of iodine dissociation in 
the two ranges of wavelength. The only 
absorbing species, which explains reasonably 
the conversion in the range 360~430 my, is 
therefore the iodine-complex of cis-stilbene!”. 
The quantum yield of conversion referred to 
this complex was found to be about 1.2 at 
25°C under the condition that (C)=5.0x 10-5 
mol./l., (I2) =5.0 x 10-5 mol./1., J,=1.99 x 10-9 
Einstein/sec. In Fig. 7 the Arrhenius plot of 


log (k'I,'/*) 








1/T x10 
Fig. 7. Temperature dependence of the rate 
constant. Wavelength, 360~430myr; 1, 
1.910 Einstein/sec. 


the values of the rate constant k’ obtained at 
15, 20,25 and 30°C, is shown which yields an 
activation energy of 4.1-+0.2 kcal./mol. Such 
a lower activation energy, compared to 7.6 kcal. 
mol. as found for the conversion in the range 
530~600 mv, also seems to indicate that the 
mechanism of conversion is not the same in 
the two ranges of wavelength. 

The primary process is therefore assumed to 
be 


Cl.+ hy >» CI* (1') 
followed by 
CI.*+C > CI+CI (1'') 


Subsequent steps may again be represented by 
the above-mentioned reactions 2—6. As for the 
elimination of unstable species, however, Eqs. 
7 and 8 will have to be taken into account in 
addition to Eq. 6 because of the higher con- 
centration of CI compared to the conversion 
in the range 530~600 mv. 


CI+I1 > CI. or C+I, (7) 


11) Such an apparently large quantum yield arises from 
the very weak absorption of free iodine in this range of 
wavelength (see Fig. 1). 

12) It has been confirmed that cis-stilbene, having 
negligible absorption in the range of wavelength longer 
than 350 mz, is not converted to the trans-form by irradi- 
ation of light in the range 360~430 mz. 
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C+ — €+c) o 2 +1 (8) 


Rand and Strong’? have recently found that 
a transient complex C;H;-I, supposed to be a 
charge-transfer complex, is formed by flashing 
the benzene solution of iodine, and that it 
disappears with second order kinetics just as 
represented by reaction 8. ‘It is well-known 
that a 1: 1 molecular complex C;H¢-l. is formed 
between iodine and benzene as in the case of 
the iodine-stilbene system. Hence, on flashing 
the benzene solution of iodine, the transient 
complex C;H--I would have been formed by 
processes similar to 1’ and 1'’ as well as to 1 
and 2. 

If k>=2(keks)'/*, as is frequently assumed 
for radical elimination’, the following rate 
expression is derived from reaction 1’, 1"’ and 
2—8 for the steady state 


-d(C) /dt=«l,'/*(C) (12)! (e) 
where 
w= [ae/*kyK!/?{2(acKIo(12))/? + koko ~ /7(C)/7}] 
= [k3+k,+ks'/?(C)/*{2(acKI, (12) )/ 
koke—1/2(C)*/?}]) (f) 


K is the equilibrium constant of the process 
C+L2Ch, and a. is equal to acl, ac represent- 
ing the molar absorption coefficient of Cl 
complex and / the light path length. If under 
the experimental conditions of the present 
work, the quantity represented by « depends 
only slightly on the variation of J,, (C) and 
(I.), Eq. e explains the experimental rate Eq. 
d. When all the molecules of the transient 
complex CI produced in the process 1’ are 
converted into isomeric molecules, the quantum 
yield of reaction would be equal to 2. The 
result obtained therefore implies that about a 
half of CI molecules produced primarily 
isomerize, if the primary process is Eq. 1’ 
followed by 1’’. 

An alternative primary process may be sup- 


posed as 


Cl.+hy — CI+I cr") 


However, replacing 1’ and 1’’ by reaction 1'”’ 
produces no substantial alteration in the rate 
expression e except that a numerical factor of 
2 in the numerator and denominator of Eq. 
f is now eliminated. The quantum yield of 
1.2 seems to favor reactions 1’ and 1” 
Conversion of trans-Stilbene.--The conver- 
sion of trans-stilbene was measured in the 
presence of iodine under irradiation of mercury 
lines in the range 310~400 my The rate of 


13) S. J. Rand and R. L. Strong. J. Am. Chem. Soc., 82 
5 (1960 
14 A factor of 2 is the symmetry number for the colli 


sion frequency 
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conversion was found to be the same as that 
obtained in the absence of iodine as shown in 
Table I. It may therefore be concluded that 


TABLE I. EFFECT OF IODINE ADDITION ON THE 
RATE OF TRANS-*CIS PHOTOISOMERIZATION OF 
STILBENE: INCIDENT LIGHT INTENSITY, 6.6% 1079 
EINSTEIN/sec.; LIGHT WAVELENGTH, 310~400 my; 
REACTION TEMPERATURE, 25.0+0.1°C. 


Initial concn. Concn. of Concn. 
— of trans- nn Reaction  cis-stilbene 
= stilbene — time, min. produced 
mol./l.~ 10° = mol./I. x 105 mol./1. * 10° 

] 2.0 4.0 60 0.27 

Z 2.0 2.0 60 0.26 

3 2.0 20.0 60 0.27 

4 2.0 0.4 60 0.26 

5 2.0 0 60 0.27 


the trans—cis conversion here observed is 
solely caused by the direct absorption of light 
by trans-stilbene and that iodine makes no 
contribution to the conversion process. 

The thermal equilibrium between cis- and 
trans-isomer is in general shifted to the trans 
side, and the thermal isomerization of trans- 
form can not be observed at low temperatures. 
Under irradiation of light, however, a photo- 
stationary state is brought about. Since in 
this photostationary state the composition is 
usually intermediate between 100% cis and 
100% trans, conversion occurs on irradiating 
the trans-form with the light of suitable wave- 
length. lodine as a catalyst can not shift the 
thermal equilibrium between cis- and _ trans- 
isomer; even under irradiation, the atomic 
iodine or TI complex formed from molecular 
iodine or Tl, complex by light absorption 
can not shift the equilibrium. Only direct 
absorption of light by trans-stilbene enables it 
to isomerize. In fact, no conversion was 
observed in the presence of iodine under 
irradiation of 546 and 577~579mys mercury 
lines which are strongly absorbed by iodine 
but not by trans-stilbene. 
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Summary 


The rate of isomerization of cis- and trans- 
stilbene in n-hexane solution has been studied 
spectrophotometrically over the temperature 
range 10~30°C in the presence of iodine under 
irradiation of light. The conversion rate of 
cis-stilbene has been found to be proportional 
to the square root of light intensity, to the 
concentration of cis-stilbene and to the square 
root of the iodine concentration in both 
wavelength ranges 360~430 and 530~600 mz. 
The activation energies and quantum yields of 
conversion are however different in these ranges 
of wavelength. These results, combined with 
absorption curves of various components present 
in solution, show that the primary process in 
the range 530~600 my: is I,+Av—2I and that 
in the range 360~430 my it is probably CI,+ 
hy—ClL* followed by Cl.*+C-»2CI, where 
Cl. represents a molecular complex formed 
between iodine and cis-stilbene. Secondary 
reactions, suggested from the kinetics, are C+ 
IsSCI and Cl->TI-»T+I with one or more 
elimination steps for unstable species, T repre- 
senting trans-stilbene. Rate of isomerization 
of trans-stilbene in the presence of iodine under 
irradiation of light in the range of wavelength 
310~400 mv has been found to be identical 
with the rate observed in the absence of iodine 
under the same condition, excepting the absence 
of iodine. An explanation for this finding 
has been given. 


The present research was conducted under 
the kind direction of Professor O. Toyama of 
the College of Engineering. The author is also 
deeply indebted to Dr. T. Hayakawa for his 
invaluable advice and unfailing encouragement 
throughout this work. 
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A Study of Dehydration and Hydration of Oxalic Acid by Means 
of the Deuterium Exchange Reaction 


By Nobukazu OKAZAKI and Eiko TAKEMURA 


(Received November 11, 


The dehydration of hydrated salts has been 
studied by various method, but the use of iso- 
topic tracer in the study of the dehydration 
process has seldom been _ reported The 
process is generally considered to involve the 
following three steps (1) the decomposition 
of the hydrate to give an amorphous inter- 
mediate, which then crystallizes, (2) diffusion 
of the liberated water molecules through the 
product, and (3) evaporation of the water 
molecules from the surface of the product. 
The hydration process would follow the above 
steps in reverse. In the course of these events, 
there may occur interchange of protons between 
water and anhydrous substance. The study of 
such proton exchange reaction by the use 
of deuterium tracer may give some information 
as to the behavior of protons and_ water 
molecules in the process of dehydration, and 
possibly also as to the nature of the dehy- 
dration product. 

In this work, the following facts have been 
noted; (1) relation of the deuterium exchange 
reaction to the surface area of the dehydrated 
product, and the amorphous character of the 
product formed on dehydration in vacuo at 
low temperatures, (2) recrystallization of the 
amorphous anhydrous acid in the presence of 
the adsorbed water vapor, (3) deuterium ex- 
change reaction in partially hydrated oxalic 
acid, and (4) the effect of water vapor upon 
the rehydration rate of the amorphous an- 
hydrous oxalic acid. 


Experimental 
Procedures. A known amount of anhydrous 
oxalic acid was hydrated in a vacuum system with 
a known amount of heavy water vapor. The 
pressure of the vapor was chosen to be lower than 
the vapor pressure of the saturated solution of 
oxalic acid, and higher than the dissociation pressure 
of oxalic acid dihydrate, at the temperature of 
the experiment. After the completion of the hy- 
dration, which was checked manometrically, the 


oxalic acid dihydrate formed was dehydrated in 


1) A. W. C. Menzies and F. T. Miles, J. Am. Chem. 
Soc., 56, 3502 (1934). 
2) J. S. Anderson, R.H. Purcell, J. G. Pearson, A. 


King, F. W. Jones, H. J. Emeleus and H. V. A. Briscoe, 
J. Chem. Soc., 1937, 1492 

3) W. E. Garner, “‘ The Chemistry of the Solid State” 
Butterworths, London, (1955), Chap. 8, p. 213 
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vacuo by condensing the water vapor from the 
dihydrate into a receiver cooled by solid carbon 
dioxide. The water was then distilled into a 
glass tube, purified thoroughly, and its deuterium 
content was determined by the floatation method. 
The deuterium content of heavy water used was 
ca. 1%. 

Materials.—-Anhydrous oxalic acid was prepared 
from commercial oxalic acid dihydrate (special 
grade), by the following two methods. 

Sample I. Oxalic acid dihydrate was dehydrated 
at 100°C in a drying oven, until its loss in weight 
exceeded the theoretical value. It was weighed in 
a glass vessel, attached to the vacuum system, 
pumped for a while to remove a small quantity of 
water which might have been absorbed during the 
manipulations, and then hydrated with heavy water 
vapor. 

Sample II. A known amount of dihydrate was 
placed in the vacuum system, and dehydrated in 
vacuo at ordinary temperatures (usually at 25°C), 
as ‘mentioned above. The anhydrous acid so pre- 
pared was used directly for exchange reaction with- 
out taking it out of the vacuum system. 

It has been observed that, especially at lower 
temperatures (ca. 10°C or below), a small amount 
of water remaining at the final stage of dehydration 
is difficult to remove, and, as will be shown later, 
it plays an important role in the recrystallization 
of metastable anhydrous acid formed on dehydra- 
tion in vacuo (Sample II). But the amount of 
this water is estimated to be so small that it can 
not affect the deuterium content to any serious 
extent. 

The Relation between the Degree of Deuterium 
Exchange and the Molar Ratio of the Reactants. 

The exchange reaction in question may be ex- 
pressed by the following equation: 


(COOH HDO(vapor) 


hydration 
» Oxalic acid dihydrate 


Anhydrous oxalic acid 


dehydration 


» COOH-COOD — H.0 


vapor) 


It should be mentioned that the anhydrous acid 
was always used in excess, and a part of it was 
left unhydrated even after the completion of the 
hydration process. 

t With regard to the balance of deuterium atoms, 
the reaction may be written simply as, 


COOH HDO = COOH-COOD ~ H,0 


4 This sort of anhydrous acid may be of the s-form 
Dr. H. Chihara, private commuuication). 
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The equilibrium condition for this reaction is 
k = M,,(D;— D¢)/(M.D:) =My- 4D/( M.D; (1) 


where, M, and M, are the numbers of moles of 
anhydrous oxalic acid and heavy water vapor, D 
and Dr are the initial and final deuterium contents 
of heavy water, respectively, and k is the deuterium 
partition coefficient between oxalic acid and water, 
or the ratio of the equilibrium atomic fraction of 
deuterium in oxalic acid to that in water. From 
a study of the deuterium exchange reaction between 
oxalic acid and water in solution, k was determined 
to be 0.94+0.01. 

Since the anhydrous oxalic acid is always used 
in excess, the total amount used does not take part 
in the exchange reaction. If, of the M, moles of 
anhydrous acid used, M,' moles take part in the 
exchange reaction, Eq. 1 must be rewritten as, 


k=M,,-4D/(M.'Dr) (2) 


A probable assumption is involved in this equation ; 
namely that those parts of anhydrous oxalic acid 
which take part in the reaction, or more precisely, 
which are brought into contact with adsorbed 
water, are brought into exchange equilibrium with 
water rapidly relative to the time required for 
hydration or dehydration. 


Eq. 2 may be written as, 


4D/D;=(kM.'/M.)(M./My) (3) 


where M,'/M,, is the molar ratio of oxalic acid 
which takes part in the exchange reaction to the 
total amount of oxalic acid used. According to 
this equation, if we plot the result of the exchange 
reaction, taking JD/Dr, as ordinate, and M,/My as 
abscissa, the slope of the line passing through the 
plotted point and the origin gives the value of 
kM..'/M., and hence of M,'/M.. 

In a particular case, where heavy water exchanges 
its deuterium atoms with anhydrous acid in equiva- 


lent proportion, the value of M,/M.' in Eq. 2 is 


2, as can be readily seen from the formula 


(COOH ):-2H.0. In this case, according to Eq. 2, 
the value of JD/D; should be 0.5 (A=1) irrespec- 


tive of the value of M,/M 


Results and Discussion 


Deuterium Exchange Reaction in Relation to 
the Nature of the Dehydration Product.—The 
dependence of the degree of deuterium ex- 
change (JD D;) on the molar ratio of the 
reactants (M,/My,,) is shown in Fig. 1. These 
results were obtained at 25°C and with the 
use of heavy water vapor of 4.6mmHg_ for 
the hydration Other data were 
obtained under various conditions of tempera- 
ture (O~28°C) and relative pressure (0.17~ 
0.85) of heavy water vapor. But the tempera- 
ture and the relative pressure were found to 
have little effect upon the exchange reaction. 

It will be seen from the figure that there 
exists between Sample I and Sample II a re- 
markable 
deuterium exchange reaction on My’ My. The 


process. 


difference in the dependence of 
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Fig. 1. Difference of the degree of deuterium 


exchange with the method of preparation 
of anhydrous oxalic acid. Solid circles: 
Sample I, prepared at 100°C. Open circles: 
Sample II, prepared in vacuo at room tempera- 
ture. 


difference appears to be qualitative rather than 
quantitative, and it seems to suggest the exis- 
tence of a qualitative difference between the 
natures of the two sorts of anhydrous oxalic 
acid. 

In the case of Sample I, which is prepared 
from the dihydrate at 100°C (probably 5-form). 
the value of JD/D; is always about 0.5, irre- 
spective of the value of M./M,. From the 
reasoning mentioned in the experimental part, 
it may be concluded that, in this case, heavy 
water exchanges its deuterium atoms with an- 
hydrous acid always in equivalent proportion. 

On the other hand, the JD/D; value of 
Sample II, which is prepared by dehydration 
in vacuo at room temperature, increases with 
increasing M,/M,y. That is, the amount of 
anhydrous oxalic acid which takes part in the 
exchange reaction increases with the increasing 
excess of the anhydrous oxalic acid. 

To visualize the ratio of oxalic acid which 
takes part in the exchange reaction to the 
total amount of oxalic acid used, the lines 
having the slopes (kKM.'/M.) of 0.8 and 0.67 
respectively, are drawn in Fig. 1. Taking k 
0.94, these values correspond to the values 
of M.'/M. of 0.85 and 0.71, respectively. It 
will be seen that 70 to 85% of the anhydrous 
acid takes part in the exchange reaction, the 
percentage decreasing from 85 to 70 with 
increasing M,/M,.. 

The results obtained with Sample II show 
considerable scatter. This is probably due to 
the persistence in the dehydrated product ofa 
small uncontrollable quantity of water, which 
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accelerates the recrystallization and conse- 
quently reduces the exchange reaction of the 
anhydrous acid (see later). 

From the mechanism of the processes of the 
dehydration and the hydration of crystal hy- 
drate, mentioned in the introduction of this 
paper, it may be inferred that, in the exchange 
reaction in question, the places where the 
reaction occurs, or the sites of the reaction, are, 
(1) the surfaces of the dehydration product, 
and (2) the reaction zone and the crystal 
lattice of the hydrate. 

If the exchange reaction occurs exclusively 
in (2), where heavy water and anhydrous acid 
react always in equivalent proportion, JD/D; 
should be 0.5, irrespective of the value of 
M./M,. This is the case with the exchange 
reaction of Sample I (oxalic acid prepared at 
100°C). 

On the other hand, if the exchange reaction 
takes place in the surfaces of anhydrous acid, 
the increasing amount of anhydrous acid im- 
plies an increase in the number or the area of 
the site of the exchange reaction, and JD/D; 
should increase with increasing M./My. This 
type of exchange reaction is observed with 
Sample II (anhydrous oxalic acid prepared in 
vacuo at low temperatures). 

Consequentl, it may be concluded that, in 
the case of Sample I, the exchange reaction 
occurs mainly in the crystal lattice of the di- 
hydrate, and/or in the reaction zone on the 
occasion of the formation and the decomposi- 
tion of the hydrate lattice. In the crystal 
lattice of the oxalic acid dihydrate», the water 
molecules are linked to the oxygen atoms of 
the carboxyl groups by hydrogen bonds. In 
such a structure, there may occur ready exchange 
of protons between carboxyl groups and water 
molecules by mere shifts of protons. It is 
well-known that, in aqueous solution, the 
hydrogen atoms linked to electronegative atoms 
are easily replaced by the deuterium atoms of 
heavy water. The exchange reaction in aqueous 
solution of oxalic acid would be quite ana- 
logous to that in the solid oxalic acid and 
would proceed through such a hydrogen-bonded 
intermediate. 

As to the exchange reaction in the surfaces 
of anhydrous acid, a possible mechanism would 
be the one which involves capillary condensa- 
tion of water vapor and the subsequent dis- 
solution of oxalic acid in the condensed phase. 
But, as it has been observed that 70 to 85% 
of anhydrous acid used takes part in the ex- 
change reaction, the above mechanism requires 
the dissolution of most of the anhydrous acid 


5) J. M. Robertson and I. Woodward, J. Chem. Soc., 
1936, 1817; J. D. Dunitz and J. M. Robertson, ibid., 1947, 
142. 
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used. This seems to be incompatible with the 
observations during the experiments. Moreover, 
if capillary condensation and solution played 
an important role in the reaction, the degree 
of exchange would probably depend upon the 
relative pressure and the temperature. But, 
as mentioned above, such dependence has not 
been observed. 

Therefore, in the case of Sample II, it is 


ee of exchange relative to that of Sample 
I is due to direct exchange of deuterium be- 
tween adsorbed water molecules and solid an- 
hydrous acid. The oxalic acid molecules in- 
volved in such a direct exchange mechanism 
would be restricted within a few outermost 
molecular layers of the solid anhydrous acid, 
and except in the case of a highly dispersed 
solid, the surface exchange mechanism could 
not contribute any appreciable portion to the 
total exchange reaction. 

From the results of deuterium exchange re- 
action, the molar ratio of oxalic acid in the 
surface to that of the bulk may be estimated 
as follows: The amount of oxalic acid which 
takes part in the exchange reaction is given 
by Eq. 2. 


M.'= Mw: 4D/(k-D) 


Of this amount, a part which is equivalent to 
the amount of water vapor used for the hy- 
dration takes part in the reaction through 
hydrate formation. The remainder M,'— (My, 2) 
is the number of moles of oxalic acid which 
contributes to the surface exchange. The total 
number of moles of anhydrous oxalic acid 
which is left unhydrated at the completion of 
the hydration process is given by M,—(My/2). 
Thus the desired ratio § is, 


‘ 


3 = |M.'—(Myw/2))/(Mo— (Mwx/2)]) 
[((1/k)(4ID/D) —90.5) /([(Mo/Mw) —90.5] 


(4) 


The values of 8 are calculated to be 0.59~ 
0.71 for five specimens of anhydrous oxalic 
acid dehydrated in vacuo at 25°C. That is, 60 
to 70% of the molecules of the anhydrous acid 
are in the surface. 

If it is assumed that only the outermost 
molecular layer is involved in the exchange 
reaction during the hydration and the redehy- 
dration, the exchange of inner layers being 
associated with a slow diffusion process, then, 
on the average, 60 to 70% of the molecules 
in a crystallite of the anhydrous oxalic acid 
are in the outermost molecular layer. A sub- 
stance composed of such crystallites may be 
termed amorphous. 

It is well known that amorphous _inter- 
mediates result from the dehydration of some 
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hydrated salts in vacuo at low temperatures 

In the present case, the X-ray diffraction method 
has failed to detect the amorphous character 
of the anhydrous oxalic acid. But it has been 
observed that the electron micro-diffraction 
patterns of oxalic acid dihydrate change from 
spots or sharp rings to diffuse halos charac- 
teristic of an amorphous substance in the course 
of dehydration in the vacuum of electron micro- 
scope. Yet the electron microscopic image re- 
mains unaltered. This fact ensures that it is 
the dehydration process and not the decom- 
position by electron beams which is responsible 
for the change in diffraction patterns. The 
failure of the X-ray diffraction method is prob- 
ably due to the recrystallization by the catalytic 
action of a small amount of residual water. 

Recrystallization of Amorphous Anhydrous 
Oxalic Acid in the Presence of Adsorbed Water 
Vapor. — Anhydrous oxalic acid prepared by 
dehydration in vacuo at 25°C (Sample I) was 
exposed to heavy water vapor of 2 mmHg 
pressure for 1S min. Then the anhydrous acid 
was isolated from the source of water vapor, 
and kept in contact with adsorbed water at 25°C 
for definite times. During this period of con- 
tact, the pressure of water vapor above the 
anhydrous acid increased from 2 to 2.7 mmHg 
(dissociation pressure of the dihydrate at 25°C). 
This is probably due to the contraction of the 
surface area of the anhydrous acid and the 
consequent desorption of water vapor. This 
fact may be regarded as an evidence of the 
recrystallization In the experiments 
with longer times of contact, the recrystallized 
crystals having the form of a six-sided plate 
became visible even to the naked eye. It was 
identified with a-form by X-ray diffraction 
method. 

After a given time of contact, the anhydrous 
acid was hydrated with heavy water vapor 
and subsequently redehydrated in vacuo at 
25°C, and the water obtained on dehydration 
was analysed for deuterium content. 

In Fig. 2, per cent a(=M,'/M,x100) of 
oxalic acid which takes part in the exchange 
reaction is plotted against the time of contact 
of anhydrous acid with adsorbed water. As 
controls, deuterium exchange of the anhydrous 
acid kept for definite times in the absence of 
water vapor was also studied. The results 
are given by the upper curve in Fig. 2. 

Fig. 2 shows that, whereas in the control 
experiments percentage exchangeability a of 


process. 


anhydrous oxalic acid decreases only slightly 
with time, that of anhydrous acid treated 
preliminarily with water vapor decreases 


definitely with time. 
As discussed above, the increase in the ex- 
changeability of highly dispersed anhydrous 
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Fig. 2. Decrease in the degree of deuterium 
exchange due to the recrystallization of highly 
dispersed oxalic acid at 25°C. M./My, =1.5. 
Upper curve: in the absence of water vapor. 
Lower curve: in the presence of water 
vapor. 


acid relative to that of crystalline anhydrous 
acid is due to the exchange reaction in the 
surface, and this surplus exchangeability may 
be considered to be a measure of the surface 
area of the anhydrous acid. Consequently, 
the decrease in the value of a means the pro- 
gress of recrystallization, and the completion 
of it is characterized by the value of a which 
is characteristic of the crystalline anhydrous 
acid (in the present case, a —0.354). 

The comparison of two curves in Fig. 
shows that adsorbed water exerts considerable 
effect on the recrystallization of amorphous 
oxalic acid. Recrystallization in the presence 
of water vapor (2mmHg initially) at 25°C 
proceeds rather rapidly for the first few hours 
and goes almost to completion within about 
10 hr. 

The catalytic effect of water on the recrystal- 
lization of amorphous intermediates in the de- 
hydration of salt hydrates has been studied by 
several authors. Volmer and Seydel have 
found by the X-ray diffraction method that, 
whereas the anhydrous manganous oxalate 
formed on dehydration in vacuo is amorphous, 
the dehydration in the presence of water 
vapor yields crystalline manganous oxalate, 
and attributed its formation to the recrystalli- 
zation of amorphous product by the catalytic 
action of water vapor. Frost, Moon and 
Tompkins” have deduced from thermal measure- 
ments the fractional amounts of amorphous 
intermediate in the dehydration products of 
copper sulfate pentahydrate prepared under 


+ 


6) M. Volmer and G. Seydel, Z. physik. Chem. (Leipizig), 
A179, 153 (1937). 
7) G.B. Frost, K. A. Moon and E. H 


J. Chem., 29, 604 (1951) 


Tompkins. Can. 


July, 1961] A Study of Dehydration and Hydration of Oxalic Acid by Means of the Deuterium 981 


various pressures of water vapor, and found 
that the fractional amount decreases with in- 
creasing water vapor pressure. 

Oxalic acid offers a new example of the 
formation of amorphous intermediate and of 
the catalytic effect of water on its recrystalliza- 
tion. In this example, the two processes were 
studied separately and the course of the latter 
was followed by deuterium exchange reaction. 
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Fig. 3. The effect of temperature on the re- 
crystallization rate of highly dispersed oxalic 
acid. M,/My=2.0. 
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In order to gain further information as to 
the nature of the recrystallization process, the 
effect of temperature has been studied at 25 
and 35°C. 

Fig. 3 shows that the recrystallization rates 
are scarcely affected by the change of tempera- 
ture. It appears that oxalic acid molecules are 
almost free to move on the surface of the highly 
dispersed oxalic acid. 

Deuterium Exchange Reaction in Partially 
Hydrated Oxalic Acid. — When amorphous 
oxalic acid is partially hydrated with heavy 
water vapor and left for a time, the oxalic 
acid molecules which are left undeuterated in 
the process of hydration, become progressively 
deuterated, 

Oxalic acid dihydrate-d 
Oxalic acid dihydrate 

As a consequence, the deuterium content of 
water obtained upon dehydration of oxalic acid 
partially hydrated with heavy water vapor 
decreases with the time during which oxalic 
acid is kept in the partially hydrated state. 

The results are shown in Fig. 4, in which 
per cent of oxalic acid which takes part in the 
exchange reaction is plotted against time. 
Within experimental errors, the percentage in- 
creases almost linearly with time, and the 
curves for the two temperatures are almost 
parallel to each other. This seems to suggest 
that the rate of this exchange is almost in- 
dependent of temperature. 
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Fig. 4. Deuterium exchange reaction within 
partially hydrated oxalic acid. 
ot, @: 15-Cc 


It is probable that this increase in the degree 
of exchange is caused by the propagation of 
deuterium exchange into the inner layers of 
anhydrous oxalic acid, since the surface layer 
would be completely deuterated during the 
hydration process. 

A possible mechanism of this process con- 
sistent with the fact that the process is as- 
sociated with small or zero activation energy 
would be the following: During the recrystal- 
lization by the action of adsorbed water, oxalic 
acid molecules leave the original lattices 
and migrate to the new crystals. Thus the 
adsorbed water molecules are brought into 
contact successively with the fresh layer of 
anhydrous acid, and exchange deuterium atoms 
with these fresh surface molecules. The deu- 
terium atoms of the adsorbed water are supplied 
by the surface migration of protons or water 
molecules, or from the vapor phase by ad- 
sorption and desorption. 

The Effect of Water Vapor on the Rehy- 
dration Rate of Amorphous Oxalic Acid.—In 
the course of this investigation, it has been 
observed that treatment of amorphous anhy- 
drous oxalic acid with a small amount of water 
vapor gives rise to a characteristic change in 
the rehydration rate according to the amount 
of water vapor. 

A known amount of water vapor was in- 
troduced from a gas burette into a vessel con- 
taining amorphous oxalic acid prepared in 
vacuo at 25°C. The pressure of water vapor 
in the vessel, as measured by an oil manometer 
and a traveling microscope, changed with time 
as a result of the progress of adsorption and 
recrystallization. It was lower than 0.01 mmHg 
in most of the runs. After the treatment with 
water vapor for 1.5hr. at 25°C, the anhy- 
drous acid was hydrated with water vapor 
of 4.6 mmHg pressure, liquid water maintained 
at 0°C being used as the source of the vapor. 
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The results are given in Fig. 5, in which 
rehydration rates are plotted against the amounts 
of water vapor initially introduced into the 
reaction vessel. As a measure of the rehydra- 
tion rate, the reciprocal of time required for 
a definite amount of oxalic acid (0.11 mol.) to 
absorb 1g. of water vapor was taken. This 
measure, though giving only an integrated rate 
would serve for qualitative discussions. 
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Fig. 5. Effect of preliminary water vapor 


treatment on the rehydration rate of amor- 
phous anhydrous oxalic acid. 


It will be seen that there is a minimum of 
rehydration rate in the region of 6~8x10~° 
mol. H.O per mol. of oxalic acid, with a 
maximum on each side of the minimum. 
This effect bears an apparent resemblance to 
the effect of water vapor on the nucleation 
rate of chrome alum observed by Garner and 
Jennings They have found that water vapor 
causes nucleation of the dehydration product 
in a slightly dehydrated surface of chrome 
alum, and that it has an optimum effect for a 
particular value of its pressure. The results 
have been interpreted by them as due to the 
conversion of collapsed lattice into product 
lattice under the loosening action of water. 

In the present case, it seems probable that 
a high rate of nucleation or a high rate of 
recrystallization would retard the rehydration 
rate by decreasing the surface area of anhy- 
drous acid. Or, it seems also possible that 
formation of anhydrous acid nuclei at a high 
rate would consume those parts of the collapsed 
lattice which are responsible for the formation 
of dihydrate nuclei. At present, it is not 
possible to give any reasonable interpretation 
to this phenomenon. It will be studied further. 


8) W. E. Garner and T. J. Jennings, Proc. Roy. Soc., 
224A, 460 (1954) 
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Summary 


The deuterium exchange reaction in the 
course of the hydration of anhydrous oxalic 
acid with heavy water vapor and subsequent 
dehydration of the product has been studied. 

Two exchange mechanism have been suggested 
to be operative; the hydrate formation mecha- 
nism and the surface exchange mechanism. 
A distinction may be made between the two 
by the dependence of exchange reaction on 
the molar ratio of the reactants. 

Anhydrous oxalic acid prepared by dehydra- 
tion at 100°C takes part in the exchange reac- 
tion through hydrate formation; while, with 
the anhydrous acid prepared by dehydration 
in vacuo at ordinary temperatures, the surface 
exchange mechanism comes into play. 

For the specimens of anhydrous acid pre- 
pared in vacuo, the molar ratio of oxalic 
acid in the surface to that of the bulk is esti- 
mated to be 0.6~0.7 from the results of the 
deuterium exchange reaction. Dehydration of 
oxalic acid dihydrate in the vacuum of electron 
microscope yields amorphous anhydrous acid. 

The recrystallization of amorphous anhydrous 
oxalic acid was studied by the use of deuterium 
exchange reaction as a measure of surface area. 
It has been shown that adsorbed water exerts 
catalytic effect on the recrystallization. The 
process is associated with small or zero acti- 
vation energy. Anhydrous oxalic acid recrystal- 
lized in the presence of water has been identi- 
fied with a-form. 

Deuterium exchange reaction between un- 
hydrated oxalic acid and hydrate water occurs 
in anhydrous oxalic acid partially hydrated 
with heavy water vapor. The rate of this 
exchange is practically independent of tempera- 
ture. The reaction probably consists in the 
deuteration of the molecules in the interior of 
the anhydrate lattice. 

Treatment of amorphous anhydrous acid 
with a small amount of water vapor causes 
a peculiar change in the rate of subsequent 
rehydration. There is a considerable retarding 
effect on the rehydration rate for a particular 
range of the amount of water vapor. 


The authors wish to express their thanks to 
Professor T. Titani, Tokyo Metropolitan 
University, for his encouragement and advice, 
and to Professor I. Nitta and Dr. H. Chihara, 
Osaka University, for X-ray analyses. They 
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Deuterium and Oxygen-18 Tracer Study of the Dehydration 
and the Hydration of Copper Sulfate 
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(Received November 11, 1960) 


In a tracer study of dehydration and hydra- 
tion of oxalic acid, it has been shown that 
amorphous anhydrous acid results from the 
dehydration of dihydrate in vacuo at low 
temperatures. The highly dispersed character 
of the dehydration product reveals itself in 
its increased degrees of deuterium exchange 
with heavy water vapor as compared with the 
crystalline anhydrous acid. It seems desirable 
to check this relation between the degree of 
deuterium exchange and surface area of the 
dehydration product with the hydrate whose 
dehydration product in vacuo at low tempera- 
tures is definitely known to be amorphous. 
As a hydrate of this kind, copper sulfate” 
was chosen as the subject of the present study. 

There are a few reports of deuterium tracer 
study on the hydrate water of copper sulfate. 
Menzies and “Miles? have found complete ex- 
change of deuterium between water vapour and 
monohydrate in the course of its hydration 
and the subsequent dehydration of the product. 
In a work by Briscoe et al., anhydrous copper 
sulfate was hydrated with heavy water to 
give monohydrate, and then with ordinary 
water to pentahydrate. On dehydrating the 
pentahydrate, they have found an interchange 
of deuterium between the fifth and the remain- 
ing four molecules of the hydrate water. 

Since, as is well-known, the fifth water 
molecule is firmly held by copper sulfate, it 
seems interesting to see whether there is ready 
interchange of water molecules between mono- 
hydrate and water vapor. But, as it has been 
shown» that the interchange of proton occurs 
between anhydrous oxalic acid and water 


vapor, it seems possible that, in the above 
experiments with copper sulfate, the inter- 
change of proton might occur independently 


of the interchange of water molecules as a 
whole between monohydrate and water. There- 
fore, the oxygen exchange between copper sul- 


1) N. Okazaki and E. Takemura This Bulletin, 34, 
977 (1961). 


2) V. Kohlschitter and H. Nitschmann, 2. piysik. 


Chem., Bodensteinfestband, 494 (1931) 

3) A. W. C. Menzies and F. T. Miles, J. Am. Chem 
Soc., 56, 3502 (1934). 

4) J. S. Anderson, R.H. Purcell, J. G. Pearson, A 
King, F. W. Jones, H. J. Emeleus and H. V. A. Briscoe, 


J. Chem. Soc., 1937, 1492 


fate monohydrate and water vapor enriched 
in heavy oxygen has been studied at the same 
time. 


Experimental 


Experimental procedures were almost the same 
as those described in the previous paper. The 
water enriched in heavy oxygen used in the earlier 
part of this study was kindly supplied by Professor 
N. Morita of Nagoya University. Later, it was 
obtained from a fractionating column of this labo- 
ratory, and had excess density due to heavy oxygen 
of about 6007. The deuterium content of the 
heavy water was normalized by repeated exchange 
with ammonium chloride. Copper sulfate mono- 
hydrate was prepared by dehydration of penta- 
hydrate (special grade). Two kinds of samples of 
monohydrate were used; (1) amorphous mono- 
hydrate which was prepared by dehydration in 
vacuo at 35°C, and (2) crystalline monohydrate 
prepared by dehydration at 105+5°C under atmos- 
pheric pressure to constant weight. The mono- 
hydrate was hydrated with about 1g. of heavy 
water vapor, whose pressure was kept higher than 
the dissociation pressure of pentahydrate at the 
temperatures of the experiments. Various condi- 
tions of the temperature of the monohydrate and 
the pressure of water vapor were tried. The time 
required for the completion of hydration varied 
from a few hours to several days according to the 
condition chosen, but it did not affect the result 
of the exchange reaction. After the completion 
of the hydration, the hydrated product was rede- 
hydrated in vacuo at 35°C, and the water obtained 
was analyzed for its isotopic content by the floata- 
tion method. The time required for redehydration 
ranged from a few to several days. In general, the 
hydrate from the amorphous monohydrate decom- 
posed more slowly than that from the crystalline 
monohydrate. 


Results and Discussion 
The results are shown in Fig. 1, in which 
the degree of exchange JD/D is plotted against 
the molar ratio of the reactants M/My (4D 
is the decrease of deuterium content of water 
in the course of hydration of monohydrate 
and subsequent redehydration of the product, 
D is the deuterium content of heavy water 
obtained on redehydration, and M and My are 
the numbers of moles of copper sulfate and 

heavy water used for the reaction). 
In the region for which the values of the 
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Fig. 1. Deuterium and oxygen-18 exchange 
reaction between amorphous and crystal- 
line copper sulfate monohydrate and 
water. Deuterium exchange: @: crystal- 
line, ; amorphous. Oxygen exchange : 
A; crystalline, ; amorphous 


molar ratio M/'M, are greater than 0.5, in- 
creased exchangeability of amorphous mono- 
hydrate over that of crystalline monohydrate 
may be seen from the figure. The effect is 
similar to that observed with oxalic acid, and 
supports the suggestion of the previous report 
concerning the formation of highly dispersed 
anhydrous acid in the dehydration of oxalic 


acid dihydrate in vacuo and the relation of 


the deuterium exchange reaction to the surface 
area of the dehydration product. 


In this molar ratio region, the values of 


4AD/D for the crystalline monohydrate are 
almost constant (=0.5) independently of the 
value of the molar ratio. This implies that 
the monohydrate and heavy water vapor react 
in a constant proportion irrespective of the 
presence of the excess of the former, and it 
leads to the conclusion that the exchange 
reaction is associated with hydrate formation 
The value of the molar ratio M’ M, is given 
by the relation, 


M'/M. = (1/k)(4D/D) 


as 0.5, which corresponds to the composition 
CuSO,-3H.O (CuSO,;-H.O:2H.O). That is, ex- 
change reaction of crystalline monohydrate 
under the given condition proceeds through 
the formation of trihydrate. 

In the molar ratio region corresponding to 
the compositions between pentahydrate and 
trihydrate, the two sorts of samples of mono- 
hydrate behave similarly toward the deuterium 
exchange reaction. The values of JD D in 
this region correspond to the almost complete 
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equilibration of the monohydrate with heavy 
water vapor. 

In this region, pentahydrate and trihydrate 
may be expected as the hydration product of 
the crystalline monohydrate, the deuterium 
content of the trihydrate being lower than that 
of the pentahydrate. As an extreme case, if 
the hydrate water of pentahydrate and that of 
trihydrate equilibrate with each other in the 
course of the experiment, the result is the 
complete equilibration of deuterium between 
the monohydrate and water vapor. In_ the 
case of the other extreme where pentahydrate 
and trihydrate are dehydrated independently 
without exchanging their deuterium atoms with 
each other, it may be easily shown by calcula- 
tion that, though the value of JD/D is 
slightly lower than that of the complete equili- 
bration, the difference is well within the range 
of experimental errors. Thus, if pentahydrate 
and trihydrate are formed as the product of 
hydration, the results are always the nearly 
complete equilibration of monohydrate with 
the water vapor, which may also be expected 
for amorphous monohydrate. 

If, on the other hand, the pentahydrate 
alone was formed in this molar ratio region, 
the values of JD/D should be 0.25, irrespective 
of the values of the molar ratio, which is 
contrary to the results. Thus, the exchange 
reaction may be used to determine the com- 
position of the hydrate formed on hydrating 
an anhydrate or a lower hydrate, provided that 
the anhydrate has an exchangeable hydrogen 
atom. 

The increased exchangeability of amorphous 
monohydrate as compared with crystalline 
monohydrate is due to the exchange reaction 
between surface molecules and adsorbed water, 
as in the case of oxalic acid. The fractions of 
the amorphous monohydrate which takes part 
in the exchange reaction to the total amount 
used are calculated by the relation 

M'/M=(1/k)(4D/D)/(M/M,) 


to be 0.75~1.08. The corresponding values 
obtained with oxalic acid are 0.71~0.85. 

The molar ratio of the monohydrate in the 
surface as defined by the deuterium exchange 
reaction to the monohydrate of the bulk may 
be calculated by the relation”, 
3= [(1/k)(4D/D) —x]/((M/M,.) —x] 


where x is a constant, which has the value of 
0.5 if trihydrate is formed on hydrating the 
amorphous monohydrate, and of 0.25 if penta- 
hydrate is formed. 

Above the value of the molar ratio corre- 
sponding to the composition of trihydrate, the 
dissociation pressure of the partially hydrated 
amorphous monohydrate is of the order of 
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that of monohydrate in the case of fast hydra- 
tion, owing probably to the strong adsorptive 
power of the amorphous monohydrate, and is 
in the neighborhood of that of trihydrate in 
the case of slow hydration. It is probable 
that, in this region, amorphous monohydrate 
at first absorbs water vapor and subsequently 
combines with it rather slowly to form tri- 
hydrate as hydration product. 

The surface to bulk ratios as given by the 
above relation are now calculated for the five 
specimens of the amorphous monohydrate 
whose exchange results are plotted in Fig. 1. 
The results are 0.44, 0.48, 0.75, 0.91 and 1.10. 
The values of the ratio obtained with amor- 
phous oxalic acid are 0.60~0.70. These values 
may compare nearly with each other. This 
result, together with the similarity of the results 
of the exchange reaction between oxalic acid 
and copper sulfate, confirms the view men- 
tioned in the previous report concerning the 
nature of the dehydration product and the 
relation between the degree of deuterium ex- 
change and surface area of the product. 

The results of oxygen exchange reaction are 
the same in essentials as those of deuterium 
exchange reaction. It may be concluded that 


interchange of water molecules as well as of 


protons occurs in the course of the hydration 
of monohydrate with heavy water vapor and 
subsequent dehydration of the product. Ac- 
cordingly, in the dehydration of copper sul- 
fate pentahydrate, the fifth water molecule is 
interchangeable with the remaining four. The 
discussions of the previous”? and the present 
papers, concerning the nature of the dehydra- 
tion products, the relation of the exchange 
reaction to the surface area of the dehydration 
products, and the mechanisms of the exchange 


reaction, are applicable with necessary change 
to the oxygen exchange reaction. 


Summary 


The deuterium and oxygen-18 exchange re- 
action of amorphous and crystalline copper 
sulfate monohydrate with water in the course 
of the hydration of the monohydrate with 
heavy water vapor and the subsequent de- 
hydration of the product has been studied. 

The exchange reaction of crystalline mono- 
hydrate is associated with the formation of 
hydrate. Amorphous monohydrate shows an 
increased degree of exchange over crystalline 
monohydrate. This increased exchangeability 
of amorphous monohydrate is due to the ex- 
change reaction between surface molecules and 
adsorbed water. The similarity of the results 
of deuterium exchange reaction between oxalic 
acid and copper sulfate confirms the sugges- 
tion of the previous report that anhydrous 
oxalic acid prepared by dehydration in vacuo 
at low temperatures is amorphous and the 
degree of deuterium exchange reaction is 
related to the surface area of the dehydration 
product. 

The results of the oxygen-18 exchange reac- 
tion of copper sulfate monohydrate with 
water vapor are almost identical in essentials 
with those of the deuterium exchange reaction. 
The fifth water molecule of copper sulfate is 
interchangeable with the other four in the 
process of dehydration of pentahydrate and 
the hydration of monohydrate. 
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A Study of Dehydration and Hydration of Sodium Dihydrogen 
Phosphate and Racemic Acid by Means of the Deuterium 
Exchange Reaction 
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In a study of dehydration and hydration of 
oxalic acid by means of the deuterium exchange 
reaction», the following facts have been 
observed; (1) the difference of exchange be- 


1) N. Okazaki and E. Takemura, This Bulletin, 34 
977 (1961). 





havior of the anhydrate with the method of 
its preparation, and the amorphous character 
of the anhydrate prepared by [dehydration in 
vacuo at low temperatures, (2) recrystallization 
of the amorphous anhydrate under the catalytic 
action of water vapor, and (3) deuterium 
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exchange reaction in anhydrate-hydrate mixture. 
It is the purpose of the present work to 
examine with other salt hydrates whether or 
not the phenomena are of general occurrence. 

The experimental procedures were almost 
the same as those used in the previous work”. 

Difference of Exchange Behavior of Anhydrate 
with the Method of Dehydration. — Sodium 
Dihydrogen Phosphate.-- Commercial sodium 
dihydrogen phosphate dihydrate (special grade 
reagent) was used without further purification. 
Two sorts of samples of the anhydrate were 
used; one was prepared by dehydration of 
dihydrate to constant weight at 130°C ina 
drying oven, and the other by dehydration in 
vacuo at ordinary temperatures. The _ pro- 
cedures for the deuterium exchange experiment 
were the same as those used previously. 
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Fig. |. Difference of the deuterium exchange 
reaction between anhydrous sodium dihydro- 
gen phosphate prepared by dehydration in 
vacuo at ordinary temperatures (©; 20°C, BD; 
11-C) and that prepared at 130°C (@). 


The results are shown in Fig. 1, in which 
the degree of exchange JD/D,; is plotted against 
the molar ratio of the reactants M,/M, (for 
notations and formulas, see the previous 
work). As in the case of oxalic acid’, there 
is a qualitative difference of exchange behavior 
between the two sorts of anhydrous sodium 
dihydrogen phosphate. 

The exchange reaction of the anhydrous 
phosphate prepared at 130°C was studied at 
11-C. In these experiments, the values of 
JID D; are about 0.4 for the values of the 
molar ratio ranging from 1.0 to 2.5. This fact 
means that, in these cases, the amount of the 
anhydrous phosphate which takes part in the 
exchange reaction is always in a definite ratio 
to the amount of water used, irrespective of 
the presence of the excess anhydrous phosphate. 
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This ratio M'/M, may be calculated by the 
relation, 

M!'/M,, = (2/kn)(4D/Ds) 
where, & is the partition coefficient of deuterium 
between anhydrous phosphate and water, and 
n is the number of exchangeable hydrogen 
atoms in sodium dihydrogen phosphate. 

The value of k has been determined from 
the exchange reaction in solution to be 0.806 
+0.008 (mean of four determinations), which 
is somewhat smaller than the value commonly 
accepted for the partition coefficient of hydro- 
xyl hydrogen”. 

By using the above value of & and taking 
n=2, the values of M’/M, are calculated to 
be 0.5 or 1:2, which corresponds to the com- 
position NaH.PO,;-2H.O. It may be concluded 
that the exchange reaction of the anhydrate 
prepared at 130°C proceeds through the forma- 
tion of dihydrate. 

The existence of monohydrate of sodium 
dihydrogen phosphate is known, but the forma- 
tion of monohydrate was not observed under 
the condition of the experiments. In _ cor- 
respondence with this, the dehydration of 
dihydrate yielded anhydrate directly ; dehydra- 
tion curves were constructed at 11.0, 20.0 and 
28.0°C, but no sign of the formation of 
monohydrate has been observed. The values of 
the dissociation pressure obtained from the 
dehydration curves are 3.84mmHg at 11.0°C, 
7.98 mmHg at 20.0°C, and 14.77mmHg at 
28.0°C. Each of these values is the mean of 
seven to ten measurements obtained at various 
stages of dehydration. These values gave a 
good linear plot of logp against 1/7, from 
which the heat of dissociation of sodium 
dihydrogen phosphate dihydrate into anhydrate 
has been calculated to be 13.5 kcal. per mol. 
H.O. In these experiments, the dissociation 
pressure was measured by a mercury U-tube 
manometer (1.8cm. bore). The temperature 
was measured by a mercury thermometer 
graduated in 0.1°C (uncalibrated). 

As exemplified by the above results, the 
exchange reaction in question may be used to 
determine the composition of the hydrate 
formed on hydrating an anhydrate or a lower 
hydrate. Another example may be found in 
the previous paper, where the hydration 
product of copper sulfate monohydrate was 
identified by this method with trihydrate or 
with a mixture of tri- and pentahydrate accord- 
ing to the condition of hydration. 

The exchange reaction of the anhydrous 
phosphate prepared in vacuo was studied at 


2) See, for example, V. Gold and D. P. N. Satchell, 
Quart. Rev., 9, 51 (1955). 

3) N. Okazaki, A. Okumura, and K. Nakagawa, This 
Bulletin, 45, 983 (1961). 
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two temperatures, 11 and 20°C. The in- 
creased exchangeability of the phosphate pre- 
pared in vacuo as compared with the phosphate 
prepared at 130°C may be seen in Fig. 1. As 
in the cases of oxalic acid and copper sulfate, 
it should be attributed to the exchange reaction 
between adsorbed water and the phosphate 
occurring in the extended surface of the latter. 

The values of the degree of exchange obtained 
at 11°C are considerably lower than those 
obtained at 20°C. It is probably due to the 
increased adsorption of water in the reaction 
zone during the preliminary dehydration and 
the consequent increase in the degree of re- 
crystallization of the dehydration product at 
the lower temperature. 

The values of the ratio of the amount of 
the anhydrous phosphate which takes part in 
the exchange reaction to the total amount 
used, as calculated by the relation, 


M', M= (1/k)(4D/D;)/(M/My,y) 


are 0.77~1.06 for the specimens of anhydrous 
phosphate prepared in vacuo at 20°C and 0.63 
~1.03 for those prepared at 11°C. The values 
obtained for oxalic acid and copper sulfate’: 
are 0.71~0.85 and 0.75~1.08, respectively. 
The surface to bulk ratio § as defined by 


the deuterium exchange reaction may be cal- 
culated by the relation’, 
B= [(1/k) (4D/D,) —0.5] / [((M/M,,) —0.5] 


The values obtained are 0.59~0.71 for the 
specimens of anhydrous phosphate prepared in 
vacuo at 20°C, and 0.48 for two specimens 
prepared at 11°C. 

Racemic Acid Monohydrate. — Racemic acid 
monohydrate was prepared from d-tartaric acid 
by the usual method, and purified by repeated 
crystallization from aqueous solution. The 
specimens of anhydrous racemic acid were 
prepared partly by dehydration of monohydrate 
in vacuo at 20°C, and partly by dehydration 
at 100°C under atmospheric pressure. 

The results are shown in Table I. 


TABLE I. EXCHANGE REACTION OF ANHYDROUS 


RACEMIC ACID AT 20°C 


M/M, JD/D; M'/M 


Specimen } 
.34 0.94 0.71 


Anhydrous racemic ( 1.383 2 
acid prepared in + 1.438 2.61 0.91 0.70 
vacuo at 20°C { 1.851 3.20 0.86 0.69 
Anhydrous racemic ( 1.120 2.22 
acid prepared at - 1.495 2.03 -- — 
100°C { 1.591 eH | 


As with the other hydrates previously studied, 
the degree of exchange is independent of the 
molar ratio in the case of the anhydrous acid 
prepared at 100°C, and increases with the value 
of the molar ratio in the case of the anhydrous 
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acid prepared in vacuo at 20°C. The number 
of exchangeable hydrogen atoms is calculated 
to be 4, that is, two carboxyl hydrogen and 
two hydroxyl hydrogen atoms, from the results 
of the exchange reaction of anhydrous acid 
prepared at 100°C. 

The values of the surface to bulk ratio § 
as defined by the deuterium exchange reaction 
are calculated by”, 


B= [((1/2k)(4D/D,) —1] 


The values obtained are compared with those 
of the other hydrates in Table II. 


[(M/M,) —1] 


TABLE II 
Temp. of 
Specimen Dehydration 

Cc 

Anhydrous oxalic acid 0.60~0.70 2 

Copper sulfate 0.44~1.10 35 
monohydrate 

Anhydrous sodium 0.59~0.71 20 

dihydrogen phosphate 0.48 11 

Anhydrous racemic acid 0.70 20 


It will be seen that the values for four 
substances are comparable with each other. 
The copper sulfate monohydrate prepared by 
dehydration in vacuo at low temperature is 
known to be amorphous”, and the dehydration 
product of oxalic acid dihydrate in the vacuum 
of electron microscope has also been shown to 
be amorphous». Though the above ratio does 
not bear a definite physical significance, yet it 
would be useful for semi-quantitative discus- 
Thus, the similarity of the values of the 
ratio suggests that the dehydration products of 
racemic acid, sodium dihydrogen phosphate as 
well as oxalic acid in vacuo at ordinary 
temperatures are amorphous, and adds new 
evidence to the postulate that dehydration of 
salt hydrates proceeds through the intermediate 
formation of an amorphous product. 

Effect of Adsorbed Water on the Recrystalliza- 
tion of Amorphous Anhydrous Sodium Dihydro- 
gen Phosphate.—The anhydrous phosphate pre- 
pared in vacuo at 20°C was exposed to water 
vapor of 2mmHg in a vacuum system at 
11-C for twenty minutes, liquid water main- 
tained at 10°C being used as the source of 
the vapor. Then, the anhydrous phosphate 
was isolated from the vapor source, and kept 
in contact with the adsorbed water at 11°C for 
definite times. After a given time of contact, 
the anhydrous phosphate was hydrated with a 
known amount of water vapor of a definite 
pressure, and subsequently redehydrated. The 
water obtained on redehydration was analyzed 
for its deuterium content. 


sion. 


4) V. Kohlschitter and H. Nitschmann, Z. physih 
Chem., Bodensteinfestband, 494 (1931). 
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As in the case of the oxalic acid, the pres- 
sure of the water vapor above the anhydrous 
phosphate increases during the time of contact 
of the phosphate with adsorbed water vapor. 
It may be attributed to the recrystallization 
of the amorphous phosphate and the consequent 
desorption of the water vapor. The pressure 
begins to increase after the induction period 
of 30 to 40 min., and within a few hours it 
reaches a maximum value of about 4.8 mmHg 
which is well above the dissociation pressure 
of dihydrate (3.8 mmHg at 11°C). The pres- 
sure increase begins to decline at about 4 
mmHg, which is probably due to the begin- 
ning of hydrate formation. After the maximum 
has been attained, the pressure decreases at 
first rather rapidly to about 4 mmHg, and then 


very slowly toward 3.8 mmHg. The amount of 


water liberated by the phosphate during the 
period of pressure increase is estimated to be 
310°‘ mol. per mol. of the phosphate. 

The results of the exchange reaction are 
shown in Fig. 2. The exchangeability M’'/M 
of the amorphous phosphate decreases with the 
time of contact of the phosphate with water 
vapor, while in the absence of water vapor 
the exchangeability decreases only slightly. 
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Fig. 2. Decrease in the exchangeability of 
amorphous anhydrous sodium dihydrogen 
phosphate due to recrystallization under the 
catalytic action of water vapor. M/M, 
1.25. Solid circle; in the absence of water 
vapor. Open circle; in the presence of water 
vapor. 


It appears that catalysis of the recrystalliza- 
tion of highly dispersed dehydration inter- 
mediate by adsorbed water is of general 
occurrence. 

The process of recrystallization may be 
visualized as dissolution of the energy-rich 
anhydrate into adsorbed water; that is, the 
formation of two-dimensional solution and 
recrystallization from it of crystalline anhydrate. 
Below a particular concentration of this two- 
dimensional solution, it comes to be in equili- 
brium with hydrate instead of anhydrate, that 
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is, nucleation of hydrate begins. Thus, accord- 
ing to this view, the relation of recrystallization 
to nucleation of hydrate would be analogous 
to the relation of anhydrate to hydrate, each 
in equilibrium with its saturated solution. 
Deuterium Exchange Reaction between Un- 
hydrated and Hydrated Phosphate in Partially 
Hydrated Amorphous Sodium Dihydrogen Phos- 
phate.-- Anhydrous phosphate prepared by 
dehydration in vacuo at 20°C was hydrated 
with heavy water vapor of 9mmHg pressure 
and left for a given time at 15°C. Then, it 
was dehydrated in vacuo at 20°C, and the water 
obtained was analyzed for its deuterium content. 
The results are shown in Fig. 3. As in the 
case of oxalic acid, the degree of exchange 
M’',/M of the phosphate increases with the time 
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Fig. 3. Progress of deuteration of sodium 


dihydrogen phosphate in partially hydrated 


State. 


during which the phosphate has been kept in 
the partially hydrated state. The increase is 
probably due to the deuteration of the primary 
phosphate ions in the interior of the crystallites. 
A possible mechanism of this process has been 
suggested with reference to the exchange 
reaction of oxalic acid”. 


Summary 


In order to examine the generality of the 
results obtained with oxalic acid, the following 
questions were studied with sodium dihydrogen 
phosphate and in part with racemic acid: (1) 
the relation between the deuterium exchange 
reaction and the surface area of the anhydrate, 
and the amorphous character of the anhydrate 
prepared by dehydration in vacuo at low tem- 
peratures, (2) recrystallization of the amor- 
phous anhydrate under the catalytic action of 
adsorbed water, and (3) deuterium exchange 
reaction in anhydrate-hydrate mixture. 

The results obtained with sodium dihydrogen 
phosphate and racemic acid are similar to those 
obtained with oxalic acid. It appears that 
formation of amorphous anhydrate in the 
dehydration of crystal hydrate in vacuo at low 
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temperatures and its recrystallization under the 
catalytic action of adsorbed water are pheno- 
mena of general occurrence. 

The deuterium exchange reaction of crystal- 
line anhydrate may be used to determine the 
composition of the hydrate formed on hydrating 
an anhydrate under a given condition. 
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Anions on the Rate of Rearrangement of Anilinium Salts 
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When aniline hydrochloride-N-d is heated at 


about 150°C or above, it rearranges into its 
ring-deuterated analogues” 
NH,D NH;* NH 
D 
D 


The reaction may as well be regarded as the 
deuterium exchange reaction between the NH 
group and the benzene nucleus in aniline 
hydrochloride. The rearrangement occurs well 
below the melting point of the hydrochloride. 
The deuterated positions of the benzene nucleus 
have been determined by the reverse rearrange- 
ment of o,p-trideuterio-aniline hydrochloride 
to be the ortho and the para positions'”. It 
has been suggested that the mechanism of this 
rearrangement is an electrophilic substitution 
as in the case of the liquid phase deuteration 
of aromatic nucleus by acidic deuterating 
agents’, and that anilinium ion acts as proton 
acceptor at least in the state of partial dis- 
sociation in the solid phase, 

NH:---H* 


Pe 


Further study of this rearrangement with 
p-toluidine hydrochloride” has shown that the 
number of nuclear hydrogen atoms which take 


1) a) M. Harada and T. Titani, This Bulletin, 11, 554 
(1936). b) N. Okazaki, J. Chem. Soc. Japan, 62, 52 (1941); 
N. Okazaki and M. Koizumi, This Bulletin, 16, 371 (1941). 

2) C. K. Ingold, C. G. Raisin and C. L. Wilson, J. 
Chem. Soc., 1936, 1637. 

3) N. Okazaki and J. Kuroda, J. Chem. Soc. Japan, 
Pure Chem. Sec. (Nippon Kwagaku Kwaisi), 62, 57 (1941) ; 
This Bulletin, 11, 417 (1941). 


part in the rearrangement is 2, probably ortho 
positions, when the rearrangement takes place 
in the solid phase, and 4, probably ortho and 
meta positions, when the rearrangement takes 
place in the molten phase. This qualitative 
difference in exchange equilibria suggests that 
different mechnisms are responsible for the 
exchange reaction in the solid and for that in 
the molten phase, and serves to exclude the 
possibility that the exchange reaction in the 
solid phase might be caused by local melting 
due to the presence of a small amount of 
moisture or other contaminations. 

The purpose of the present work is to sup- 
plement the earlier results with the study of 
the exchange reaction of o- and m- toluidine 
hydrochloride and with the comparative study 
of the rate of rearrangement of aniline hydro- 
chloride and hydrobromide, in the hope of 
approaching the elucidation of the mechanism 
of this rearrangement. 


Experimental 


Materials.—Commercial o-toluidine (extra pure 
reagent) was first treated with oxalic acid in order 
to exclude the possible contamination with para 
isomer. After repeated distillations, it was neu- 
tralized with hydrochloric acid (special grade re- 
agent), and recrystallized twice from water. 

m-Toluidine was synthesized partly from p-tolui- 
dine and partly from benzaldehyde by the usual 
methods. It was acetylated, and the aceto-toluidide 
obtained was purified by repeated recrystallization 
from water. Then the amine was again set free, 
distilled repeatedly and neutralized with hydrochloric 
acid. The hydrochloride was recrystallized from 
water twice (m. p. 215.5~2i6.0°C, corrected). 
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Commercial aniline (special grade) was neutralized 
with hydrochloric acid, and the salt solution was 
treated with steam to remove the possible contami- 
nation with nonbasic compounds. Then the amine 
was again set free, distilled repeatedly, and neu- 
tralized with hydrochloric acid (special grade) or 
redistilled hydrobromic acid (first grade). The 
salts were recrystallized three times from alcohol 

Procedure. The experimental procedures are 
almost the same as those described in the earlier 
paper!” A known amount of N-deuterated anili- 
nium or toluidinium salt which was prepared by the 
exchange reaction with heavy water (ca. 1%.) and 
dried in a vacuum desiccator over phosphorus 
pentoxide, was sealed in vacuo in a glass tube, 
and heated for a definite time in a vapor bath of 
organic liquid. 

The relation between the initial and equilibrium 
deuterium contents, Dj and D., of the NH;* group 
of the salt is given by 


nk —3(D,—D,.)/D., 


where & is the deuterium partition coefficient be- 
tween the NH,* group and the benzene nucleus. 
is the number of the nuclear hydrogen atoms which 
take part in the exchange reaction. 

As the value of k may be taken to be nearly 
unity, the number vn of exchangeable hydrogen 
atoms of the benzene nucleus may be judged 
readily from the value of nk. 

The value of a defined by an analogous relation, 


a 31D D,.)/D. 


may be used to follow the exchange reaction, where 
D, is the deuterium content of NH;* group at time 
t. At equilibrium a is equal to nk. 

The deuterium content of the NH,;* group was 
determined by equilibrating the salt with water ot 
known amount and known deuterium content at 
low temperature (ca. 60°C or below). The deuterium 
content of the equilibrated water was measured by 
the floatation method, the proportionality of the 
deuterium atom fraction of heavy water to its 
excess density being assumed. 

Kinetic Formula.—lIf it is assumed that the rate 
of the deuteration of ortho and para positions of 
anilinium salt may be described by one and the 
same rate constant, the reaction may be treated as 
a first order reversible reaction with respect to the 
deuterium content. The appropriate rate equation 
is 

k, =(kKD,/tD;) In ((Di—De)/(Di— De) 
where, A; is the first order rate constant of the 
deuterium exchange reaction between NH;* and 
aromatic nucleus, or the rate of the corresponding 
hydrogen exchange in undeuterated salts. 

In terms of a, defined above, the rate equation 
becomes, 


ky = (2.303/t)(k/k+1) log ((a+3)/(3—(a/k))) 
& 


Results and Discussion 


I. The Rearrangements of o- and m-Tolui- 
dine Hydrochlorides. 
the exchange reactions, expressed by the value 
of a after one hour from the start of the 


Fig. 1 shows the rates of 
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Fig. 1. Rearrangement of aniline and tolui- 


dine hydrochlorides at various temperatures. 
@. m-Toluidine hydrochloride; ©, o-Tolui- 
dine hydrochloride ; , Aniline hydro- 
chloride ; , p-Toluidine hydrochloride 


exchange reaction, of o- and _ m-toluidine 
hydrochlorides at various temperatures. For 
comparison, the rate-temperature curves of 
aniline and p-toluidine hydrochlorides are also 
shown. In the latter salt, the rate is expressed 
by the value of a, after 3.5 hr. from the start 
of the reaction. 

The exchange reaction of o-toluidine hydro- 
chloride is measurable even at 140°C (ca. 75°C 
below its melting point). Apart from the ex- 
change reaction of m-toluidine hydrochloride 
in which the methyl group cooperates with 
the amino group to facilitate the deuteration of 
the ortho and the para positions to the amino 
group, the ease of the exchange reactions of 
the hydrochlorides is in the order, 

o-toluidine hydrochloride 
> aniline hydrochloride 
> p-toluidine hydrochloride 


This corresponds to the reverse of the order 
of the basic dissociation constants of the 
amines at ordinary temperature (the values of 
Ky are 310 $x10-* and 2x 10-* at 25°C, 
respectively), or to the order of the acid 
strengths of their conjugate acids, o-toluidinium, 
anilinium and p-toluidinium ions. This order 
of the acid strengths of the conjugate acids 
would probably hold even at the temperatures 
of the rearrangement. Thus, the ease of the 
exchange reaction increases with the increasing 
proton releasing power of the NH;* group for 
the aromatic nuclei of comparative reactivities. 

This fact serves to confirm the earlier view 
that the mechanism of this exchange reaction 
is an electrophilic substitution, and that anili- 


4) Landolt, * Physikalisch-chemische Tabellen *’, Bd. II, 
Ste Auflage, P. 1160. 
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Fig. 2. Difference of equilibria between the 


exchange reactions of o-toluidine hydro- 
chloride in the solid phase and in the 
liquid phase. ©, 210°C (solid phase), 
@, 224°C (liquid phase) 


nium or toluidinium ion acts as a_ proton 
acceptor at least in the state of partial dissocia- 
tion. This is also a necessary condition for 
the NH;* group to act as a proton donator. 

Figure 2 shows the variation of the value of 
a with time for o-toluidine hydrochloride. At 
210°C (below the melting point of the hydro- 
chloride), the value of a reaches the equilibrium 
value of about 2 in less than five hours, but 
does not exceed 2 even after thirty hours. On 
the other hand, at 224°C (above the melting 
point of the hydrochloride) the value of a 
definitely exceeds 2 after three hours, and 
increases steadily towards the equilibrium value 
of probably 4. 

The equilibrium values of a for the exchange 
reaction of m-toluidine hydrochloride at 200 
and 218°C are shown in Table I, the melting 
point of the hydrochloride being 216°C. 


TABLE I. 
THE EXCHANGE REACTION OF m-TOLUIDINI 


THE EQUILIBRIUM VALUES OF @ FOR 


HYDROCHLORIDE AT 200 AND 218°C 


Temp. Time ah Temp. Time al 


C hr. C hr. 

200 5 2.54 218 10 4.20 
200 7 2.82 218 15 4.32 
200 10 Me 218 20 4.07 


Table I shows that three hydrogen atoms are 
exchangeable in the solid phase exchange reac- 
tion, and four hydrogen atoms take part in 
the liquid phase exchange. 

If it were assumed that these differences in 
the nk values are due to the effect of tempera- 
ture on the rate of exchange of the third or 
the fourth nuclear hydrogen atoms, then it 
should follow that, for the rearrangement of 
o-toluidine hydrochloride, the rate of this 
exchange at 224°C is at least ten times as fast 
as the rate at 210°C, and the exchange reaction 
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is associated with an improbably large activa- 
tion energy of 80 kcal. or more. The differ- 
ence can not of course be attributed to the 
ordinary effect of temperature on the exchange 
equilibria. Therefore, these differences in the 
values of nk should be due to the difference 
of the mechanism between the solid phase and 
the liquid phase exchanges. 
The values of nk found with hydrochlorides 
of aniline and toluidines are as follows: 
Below Above 
the m.p. the m.p. 


Aniline hydrochloride 3(ortho, para) 


o-Toluidine 4 2 
m-Toluidine 4 3 a 
p-Toluidine 2 a 


The results are reasonably interpreted in 
terms of the assumption that only the ortho 
and the para positions of the benzene nucleus 
are reactive in the solid phase exchange reac- 
tion, and in the liquid phase meta positions 
are deuterated slowly. This lends support to 
the view that the mechanism of this reaction 
is an electrophilic substitution. The deutera- 
tion of meta positions in the liquid phase 
exchange may be due to toluidinium ions 
acting as proton acceptors. The fact that in 
the solid phase deuteration occurs exclusively 
at ortho and para positions, requires that the 
proton acceptor in this exchange reaction 
should be the molecules of toluidine or the 
toluidinium ions at least in the state of partial 
dissociation. 

The crystals of toluidine hydrochlorides are 
probably composed of toluidinium ions and 
chlorine ions, by analogy with the crystals of 
aniline hydrochloride’? and hydrobromide*? 
In view of this fact, it is rather surprising 
that meta positions are not deuterated in the 
solid phase exchange. Two mechanisms are 
possible for the exchange reaction; inter- 
molecular and intramolecular mechanisms. 

If the exchange reaction in the solid state 
occurs intermolecularly, probably through the 
intervention of lattice imperfections, for ex- 
ample, between two toluidinium ions, the 
absence of meta deuteration requires that, 
whenever two toluidinium ions react, the 
proton-accepting toluidinium ion as well as 
the donating one should be at least in the 
state of partial dissociation. This is equivalent 
to the requirement that almost all of the 
toluidinium ions in the crystal should be at 
least in the state of partial dissociation at the 
temperatures of the rearrangement, which 
seems improbable. The presence of an appreci- 
able amount of toluidinium ions would make 

5) J. C. Brown, Acta Cryst., 2, 228 (1949). 


6) I. Nitta, T. Watanabe and I. Taguchi, X-rays (Japan) 
5, 31 (1948). 
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the meta deuteration observable. Moreover, if 
the toluidinium ions in the crystal were in the 
state of partial dissociation to any extent which 
makes the meta deuteration unobservable, they 
would at least remain so in the liquid phase, 
and the meta deuteration should be unobserv- 
able even in the liquid phase. 

An alternative mechanism is an intramolecu- 
lar shift of proton from the NH;* group along 
the z-electron cloud of the benzene nucleus 
(formation of z-complex or the like) to the 
positions of the attack. In this case, the 
toluidinium ions react necessarily in the dis- 
sociated state, and the exclusive deuteration of 
ortho and para positions may be readily 
explained. 

In the liquid phase, increased degrees of 
freedom of molecular motion would allow the 
toluidinium ions to collide with the proton 
donating species, and deuteration of meta posi- 
tions takes place. 

II. The Rates of Rearrangement of Aniline 
Hydrochloride and Hydrobromide.— The intra- 
molecular character of the rearrangement of 
aromatic amine hydrochlorides being accepted, 
it is interesting to see whether the rate of 
rearrangement differs with the nature of the 
anion. As the rearrangement in the solid 
phase occurs in the nearly ordered arrangement 
of ions on which information is available from 
X-ray crystal analyzes’’’’, it would be suited 
for the study of the role of anions. 

Figure 3 shows the variations of a with time 
for various temperatures for the rearrangement 
of aniline hydrochloride. Figure 4 is the cor- 
responding figure for aniline hydrobromide. It 
will be seen that the rearrangement of the 
hydrochloride is considerably faster than that 
of the hydrobromide. 

The equilibrium values of a@ are 2.72 and 
2.37 for the hydrochloride and the hydrobromide 
respectively, the effect of temperature on the 
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Fig. 3. Variation of a with time for the 
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Fig. 4. Variation of a with time for the rear- 
rangement of WN-deuterio-aniline hydrobro- 


mide. @, 225°C ©, 222°C 0, 218°C 
Q, 211°C 
exchange equilibria being neglected. From 


this value, the number of the nuclear hydrogen 
atoms of the hydrobromide which take part in 
the exchange reaction may be determined as 3. 
The positions of these hydrogen atoms are 
probably ortho and para by analogy with the 
result obtained with the hydrochloride’. The 
values of the partition coefficients k are 0.90, 
and 0.79, for the hydrochloride and the hydro- 
bromide. It cannot be decided whether the 
difference is real or due to some experimental 
errors. 

The first order plots of the rearrangement 
of the hydrochloride and the hydrobromide 
are shown in Figs. 5 and 6. 

The linearity of the plots is not quite satis- 
factory. This is at least partly due to the 
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Fig. 5. First order linear plot for the rearrange- 
ment of N-deuterio-aniline hydrochloride. 
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ment of N-deuterio-aniline hydrobromide. 

225°C @), 222°C ec @, 2 
indirect nature of the deuterium analysis 
(equilibration with water), and to the com- 
plicated sequence of operations. It is possible 
that the departure of the plots from linearity 
is partly caused by the failure of the assump- 
tion that the deuteration of the ortho and the 
para positious is characterized by the same 
rate constant. 

Figures 7 and 8 are the Arrhenius plots. 
The Arrhenius parameters were determined by 
the method of least squares. The results are: 

ki'(sec™') 10° ‘exp( (44000 1200) cal. RT) 
and 


K;""* (sec *) = 


hydrochloride and 


exp( (46000 2000)cal. RT) 


for aniline hydrobromide, 
respectively. 

The entropies of activation were calculated 
by the equation, A e-(kT h)-exp(JS,/R), to 
be 15 and 13cal./deg. for the hydrochloride 


and the hydrobromide. 
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Fig. 7. Arrhenius plot for the rearrangement 


of N-deuterio-aniline hydrochloride. 
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of N-deuterio-aniline hydrobromide. 
Owing to the errors in the determinations 
of the rate constants, the accuracy of the ab- 
solute magnitudes of the energies and the 
entropies might not be claimed, but the order 
of magnitude of these values is probably cor- 
rect, and they would be sufficient for the 
purpose of comparison. 

These is no other example of the deuterium 
exchange reaction in the solid state to be 
compared with the present results. In pure 
liquid phase, the deuterium exchange reactions 
of phenol? and of o-cresol’ have been studied. 
The reactions through bimolecular 
mechanism. The values of activation energies 
are 34.8kcal. for the exchange reaction of 
phenol and 23 kcal. for that of cresol. The 
value of the frequency factor for the exchange 
reaction of phenol is 10°°'’. Comparison of 
these results with the present 
that there is a difference in the mechanisms 
of nuclear deuteration between the two 
As suggested above, the rearrangement probably 
proceeds through the intramolecular shift of 
protons from NH;* groups to aromatic nuclei, 
where they attack the carbon atoms with higher 
densities. The protons leaving the 


proceed 


ones suggests 


Cases. 


electron 


NH;* groups will move along the -z-electron 
clouds to the nuclei, or they will combine 
with the halide ions to form transient mole- 


cules of hydrogen halide. The latter process 
is the necessary preliminary to the sublimation 
of the amine hydrochloride, which becomes 
marked side by side with the rearrangement 
with increasing temperature. Thus, the protons 
of the anilinium ions would be in a relatively 
free to-and-fro movement between NH;* groups, 
Cl~ ions, and aromatic nuclei, at high tem- 
peratures. In the course of these movements, 
they will come across the ortho and the para 


7) A. 1. Brodskii and I. I. Kukhtenko, Zhur. Fiz. Khim., 
25, 920 (1951) ; Chem. Abstr., 47, 3814f. 

8) I. I. Kukhtenko, Doklady Akad. Nauk, S. S. S. R., 
93, 487 (1953) ; Chem. Abstr., 49, 3054. 
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positions and happen to attack the nuclear 
carbon atoms. The reaction may be formulated 
as, 


AK 
C,H-NH.D* .” CysH;NH,+ D*(---X) 


C,H.-NH.+D*(---X) *. CJH\D- NH H*(---X) 
where, H*(---X) may be the proton attached 
to the aromatic nucleus (formation of z- 
complex), or it may be the transient molecule 
of hydrogen halide, or some form of proton 
which is in a relatively free state. 

According to the above scheme, the first 
order rate constant k; of the deuterium ex- 
change, or the rate of hydrogen exchange 
between NH and aromatic nucleus of un- 
deuterated salt, may be expressed as, 


kK, ky) (H*)(CcH;NH,) ky) K(C;H:NH,; * ) 


Therefore, the Arrhenius parameters obtained 
from the temperature dependence of k; contain, 
besides those of the rate-controlling step, the 
contributions from the energy and the entropy 
of the dissociation of the preequilibrium step, 
which by the nature of the reaction should 
have rather large positive values. Thus the 
large activation energies and large positive 
entropies of the rearrangement of anilinium 
halide may be interpreted qualitatively in terms 
of the above scheme. 

The similarity of the Arrhenius parameters 
between the rearrangement of the two salts 
suggests that the role of anion in this reaction 
should be only subsidiary and the mechanism 
of the rearrangement involves primarily the 
anilinium ion alone, which is consistent with 
the intramolecular mechanism. 

The difference of the rate of rearrangement 
between the two salts seems to be chiefly due 
to the difference in the activation energies, 
and it should be attributed to the effect of 
anions. 

The results of X-ray crystal analysis’? show 
that the NH group is coordinated by four 
bromine ions, two at a distance of 3.48 A and 
the other two at 3.65 A, in the crystal lattice 
of the hydrobromide, and by three chlorine 
ions at a distance of 3.16 A in that of the 
hydrochloride. The difference in the N-X 
distances is greater than that of the ionic radii 
of the halide ions, and it is expected that the 
chlorine ion exerts a more powerful polarizing 
effect upon the N-H bond. Thus, the protons 
of the NH;* groups would be more loosened 
in the hydrochloride than in the hydrobromide 
in the initial state of the reaction, and this 
difference would contribute to the lowering of 
the energy of activation. 

The distances between the halide ions and 
the ortho and the para carbon atoms may be 





calculated from the data of the X-ray crystal 
analyzes. The shortest distances are 3.87 A for 
ortho and 3.98 A for para carbon atoms in the 
crystal lattice of the hydrobromide, and 3.53 
and 3.85 A for ortho and para carbon atoms 
in that of the hydrochloride, the sum of van 
der Waals radii being 3.80 and 3.65 A _ for 
hydrobromide and hydrochloride, respectively. 
It might be expected that the presence of the 
negatively charged anions in the neighborhood 
of the reaction centre would stabilize the 
positively charged activated complex. And, if 
it is the case, the extent of stabilization would 
also be in favor of the chlorine ions. 


Summary 


The rearrangement of N-deuterated aromatic 
amine hydrochloride into its ring-deuterated 
analogues has been studied in the solid and the 
liquid phases with o- and m-toluidines, and 
studied kinetically with anilinium chloride 
and bromide at 173~194°C and at 210~225°C, 
respectively. 

The ease of the rearrangement of the hydro- 
chlorides in the solid phase is in the order, 


o-toluidine hydrochloride 
-aniline hydrochloride 
-p-toluidine hydrochloride 


which is the reverse of the order of the basic 
dissociation constants of the amines at 25°C. 
m-Toluidine hydrochloride is more reactive 
than o-toluidine hydrochloride. 

The numbers of nuclear hydrogen atoms 
which take part in the rearrangement are, 2 in 
the solid phase and >3 in the liquid phase 
rearrangement of o-toluidine hydrochloride, 
and for m-toluidine hydrochloride 3 and 4 in 
the solid and the liquid phases respectively. 
This result, taken in conjunction with the earlier 
ones with aniline and p-toluidine  hydro- 
chlorides, confirms the view that in the solid 
phase rearrangement the ortho and the para 
positions are exclusively deuterated, and in the 
liquid phase deuteration of the meta positions 
takes place. 

The rearrangement of the anilinium salts is 
characterized by high activation energy (ca. 
45 kcal.) and large positive entropy of activation 
(ca. 15 cal./deg.). 

These results are reasonably interpreted by 
the intramolecular electrophilic mechanism. 

A small difference of the activation energies 
between the rearrangement of the two anilinium 
salts (ca. 2 kcal.) may be explained in terms 
of the different polarizing effects of the halide 
ions on the initial state and possibly also on 
the activated complex. 
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Nozoe and his co-workers have already re- ~. 
ported that the condensation of 2-chlorotropone 
(1) and ethyl sodiocyanoacetate (11) formed 2- 
amino-1, 3-diethoxycarbonylazulene (III), 1- 
cyano-2-hydroxy-3-ethoxycarbonylazulene (IV), 
and a‘structurally unknown compound (V) of 
m. p. 137°C, whose analytical values correspond 
to the molecular formula of C;-H;sO;N.2”. 





Similar [condensation was carried out by 24 

Akino» on 2-chloro-6-methyltropone (VI) and sal 
he observed the formation of 2-amino-1, 3-di- 
ethoxycarbonyl-5-methylazulene (VII) and a 
compound |(VIII) of m. p. 103°C, whose analyt- 
ical values agree with C;;sH»O;N>. 

- oe . . 

+ NaCHCOOC,H, —- 200 300 400 
< ACI We 
CN my 
I uN Fig. 1. Ultraviolet absorption spectra in 
_— ne d rt. 
COOC.H, _ CN methanol 
Ynu.+ ¢ [Son + Cui, 0:N, oe Vill 

A~/ - SS 7 

~ CoocH, COOC:H 

11] IV V 
CH CH, COOC:H 

xO , NaC HCOOC.H - [ NH, + C,eH2O.N, 
Cl CN COOC.-H 
vil : 
VI VI 


Examinations were’made on the structure 
of V and VIII. 

The ultraviolet absorption spectra? of V and 
VIII, shown in Fig. 1, are very similar to each 
other and the two compounds are assumed to 
have a common skeletal structure. 

V and VIII easily form picrates melting at 
215 and 196°C, respectively. The infrared ab- 
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1) T. Nozoe, S. Seto, S. Matsumura and T. Asano, 
Proc. Japan Acad., 32, 339 (1956). 
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3) Ultraviolet spectra were measured with a Hitachi _ 
EPU-2A spectrophotometer by Mr. F. Sato of this Insti- disk. ’ 
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sorption spectra’ of V and VIII are shown in 
Fig. 2, a and b. 

The infrared spectrum of V exhibits absorp- 
tion bands at 3455 and 3323cm~! for the pri- 
mary amino or hydroxyl and imino group, at 
2260 cm~' for cyano group, at 1735cm™! for 
ester carbonyl, at 1678 cm for ester carbonyl 
conjugated with unsaturated bond, and at 1635 
cm for absorption due to the deformation 
vibration of N-H group. Similar bands are 
found in the spectrum of VIII. 

When V is warmed with dilute hydrochloric 
acid in ethanol for a short period, colorless 
crystals (IX), m.p. 93°C, are obtained. IX is 
also obtained on decomposition of the picrate 
of V with sodium hydrogencarbonate solution. 
Analytical values of IX agree with C,.H,,O,. 

The reaction of V with dilute acid for 4 hr. 
affords colorless crystals (X), m.p. 188°C, 
which are also formed on treatment of IX with 
dilute acid. X is an acid substance since it 
dissolves in sodium hydrogen carbonate solution. 
Analytical values of X correspond to the mole- 
cular formula of C;,H;O;. The ultraviolet ab- 
sorption spectra of IX and X, shown in Fig. 3, 
are similar to the absorption curves of coumarin 
derivatives. Thermal decomposition of X pro- 
duces colorless crystals (XI), m.p. 68°C, with 
an aroma. The ultraviolet absuiption spectrum 
of XI (Fig. 3) and its melting point is identical 


log - 





220 300 400 
mr 


Fig. 3. Ultraviolet absorption spectra in 


methanol 


IX, ---- X, XI, XV 


with that of coumarin and on admixture it is 
confirmed that XI is coumarin. 


4) Infrared spectra were measured with a_ Perkin- 


Elmer Model 21 double beam spectrophotometer by Mr. S 
Aono of this Institute, to whom the author is deeply 


indebted 
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Consequently, IX is 3-ethoxycarbonylcou- 
marin and X is 3-carboxycoumarin. The melt- 
ing points of IX and X are in good agreement 
with those reported in the literature. 


dil. HCL ZN/O 40 


/ \¢ COOR ; 
IX R-C:H XI 
X R-H 


W/O. .,O 


From these experimental results, formulae 
A, B, C and D are taken into consideration 
for the structure of V. 


~ /O NR: 


// COOC:H 


CR 
NC COOC:H 
(A) R-H 
(Ap) R D 
CN 
\ OR CR-COOC.H 
\ C-NR 
/ CH-C 
COOC:H 
(B) R=H 
(Bp) R=D 
. CN 
7 OR C-COOC:H 
| C-NR: 
/ CH-C 
COOC:H 
(C) R-H 
(Cp) R=-D 
CN 
~ 9 /CR-COOC:H 
| } NR: 
i] i 
4 COOC:H 
(D) R=H 
(Dp) R-D 


If formula A is correct, its ultraviolet ab- 
sorption should be similar to that of o-alkyl- 
phenol However, V has absorption maxima 
at 296 and 365my, differing from those of o- 
alkylphenols, so that the structure of V is not 
A. 

The formulae B, C and D are tautomeric. 

Baron’? prepared a dimer (XII) by condensa- 
tion of two molecules of ethyl cyanoacetate 
and gave the ketimine-type structure alone for 
XII, but it should also take a tautomeric 
amino-type structure. The infrared spectrum 


5) H. F. Hunter, R. A. Morton and A. T. Carpenter, 


J. Chem. Soc., 1950, 441. 
6) H. Baron, ibid., 85, 1736 (1904). 
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of XII exhibits absorption bands at 3420 and 
3300cm~' for the primary amino group, at 
2215cm~' for the cyano group conjugated with 
unsaturated bond, at 1710cm~' for ester car- 
bonyl, and at 1680cm for ester carbonyl 
conjugated with unsaturated bond. 

These facts indicate that the dimer XII takes 
the amino form XII’ in crystalline state. 


CN 
C,H;00C-CH-C-CH:COOC:H; 
NH 
XII 
CN 
«2 C:H;00C-C=C-CH:-COOC:H 

NH. 
XII’ 


In analogy with the above, it is more likely 
that V takes the amino-type C structure rather 
than the imino-type B. However, the infrared 
spectrum of V has an absorption for cyano 
group at 2260cm~', but not of a cyano group 
conjugated with unsaturated bond. Moreover 
there is an absorption due to ester carbonyl not 
conjugated with unsaturated bond at 1735cm7™! 
It follows, therefore, that V has the structure 
of D, ie. 2-amino-2-(cyano-ethoxycarbonyl- 
methy!)-3-etfioxycarbonyl-a-benzopyrane. 

VIII is methyl derivative of V and the 
position of the methyl is assumed to be at 7- 
position, since there is absorption of C-H out- 
of-plane vibration at 820cm™! ”. 

In order to confirm the formula D for V, 
the deuterated compound XIII of V_ was 
prepared and its infrared absorption spectrum 
was examined. XIII is obtained by recrystal- 
lization of V from 50% dioxane-deuterium 
oxide mixture. Admixture of XIII and V 
shows no depression in the melting point and 
the ultraviolet spectra of two compounds are 
identical. 

The infrared spectrum of XIII (Fig. 2c) 
shows that the absorption bands at 3455, 3323, 
2937, 1635, 1528, 1490, 1418, 1280, 1175, 1037 
and 1025cm' in V disappear in XIII, and new 
bands at 2576, 2418, 2160, 1565, 1430 and 1000 
cm appear in XIII. The absorption bands 
at 940 and 91Scm™'! in V shift to 934 and 900 
cm~' with slightly increasing intensity in XIII. 
The fact that no ring-substitution has occurred 
by deuteration is proved by the absence of any 
change in the C-H out-of-plane deformation 
vibration absorption in V and XIII. If all the 
deuterable functional groups in B, C and D 
Structures assumed for V have been completely 
deuterated, the structures Bp, Cp or Dp would 


7) L. J. Bellamy; 


Molecules ”’ 


“The Infrared Spectra of Complex 
, Methuen, London, (1958), p. 65 


be possible for XIII. The wave number ratio 
of 3455cm™! in V and 2576cm in XIII 
is 1.34, and that of 3323cm in V and 2418 
cm~' in XIII is 1.38. These ratios agree with 
the usual values of »(N-H) /v(N-D). 

The disappearance of the absorption band at 
2937 cm~' and appearance of a new absorption 
band at 2160 cm™! gives a wave number ratio 
of 1.36, which agrees with the usual value of 
v(C-H) /v(C-D). 

The absorption band at 2937cm'' in V is 
not due to the stretching absorption of C-H 
in aromatic ring or that in unsaturated double 
bond. This indicates that the deuterable hy- 
drogen in the methine group of V has under- 
gone an exchange reaction with deuetrium. 
Consequently, there should be no absorption 
band of »(C-D) in formula Cp and _ this 
formula is excluded. 

Mecke et al.*? examined infrared absorption 
spectra of phenol and deuterated phenol, and 
assigned the bands at 1399~1332 and 1230~ 
1180 cm for characteristic absorption of 
v(C-O) and 6(O-H) in phenol. They showed 
that new absorption bands appeared at 1300 
and 980~920 cm~' in deuterated phenol. 

There are absorption band at 1370 and 1175 
com™* m V. 

The band at 1175cm™! is active to deutera- 
‘tion but that at 1370cm is inactive. There 
is no absorption band due to 6(O-D) at 980~ 
920 cm~' in XIII. The absorption band at 1635 
cm~! in V is active to deuteration and this 
band may be assigned to 6(N-H). These facts 
suggest that V takes the formula D and not 
B. 

Bechert® obtained a compound XIV _ of 
m. p. 140°C by condensation of salicylaldehyde 
and ethyl cyanoacetate with alkoxide. 

Knoevenagel et al.'”? obtained XIV by the 
use of piperidine in place of alkoxide. Both 
workers gave the molecular formula of 
Ci;HisO;N> for XIV. 

Since the melting point of XIV is close to 
that of V and the molecular formula of the 
two compounds are identical, XIV was prepared 
by the method of Knoevenagel and its admix- 
ture with V showed no depression of the melt- 
ing point. Further the ultraviolet absorption 
spectra of the two compounds were found to 
be identical. 

Bechert and Knoevenagel et al. assigned the 
structure of diethyl-a, 7-dicyano--(2-hydroxy- 
phenyl)-glutarate as XIV, i.e. V, but this 
structure cannot explain the ultraviolet and 
infrared spectral data obtained with V. 


8) R. Mecke and G. Rossmy, Z. Elektrochem., 58, 866 
(1955) 

9) C. Bechert, J. prakt. Chem., (2) 50, 1 (1894) 

10) E. Knoevenagel and R. Ornot, Ber., 37, 4496 (1904). 








998 Shingo MATSUMURA 


~ OH 
|} | + CH-COOC.H, 
/ CHO Gy 
On ~~, 


CN 
/ CH-CH-COOC;H; 
CH-COOC:H,; 
CN 
XIV 


Seshadri et al.’ found that on refluxing XIV 
in ethanol containing piperidine, a compound 
XV of m.p. 248°C, was obtained. From the 
identity of XV with the condensation product 
of 3-cyanocoumarin (XVI) and ethyl cyano- 
acetate, they gave the structure of ethyl 3- 
cyano-3, 4-dihydrocoumarin-4-cyanoacetate (E) 
for XV. 


_ 70 
Vv “CN 
CH 
NC COOC:H; 
(BE) 
NCCH.COOC.H O 5 O 
VY \Z CN 
XVI 


If Seshadri’s assumption is correct, formation 
of XV from the proposed structure of a-ben- 
zopyrane derivative for V cannot be explained. 
Therefore, re-examination was made on the 
structure of XV. The ultraviolet spectrum of 
XV, shown in Fig. 3, is similar to that of 
coumarin derivatives. The infrared spectrum 
of XV, as indicated in Fig. 4, exhibits absorp- 
tion at 3410 and 3280cm for the primary 
amino group, at 2210cm~! for the cyano group 
conjugated to unsaturated bond, and at 1710 
and 1680cm~! for lactonic carbonyl and ester 
carbonyl conjugated with unsaturated bond. 





Transmission, %o 


3500 3000 2000 1800 1600 1400 1200 1000 800 
Wave number, cm™! 


Fig. 4.Infrared absorption spectrum of XV 
in KBr disk. 


These data suggest that the structure of XV 
is not E as proposed by Seshadri but must 
be a-amino-a-(3-coumariny])-3-cyano-5-ethoxy- 
carbonylethylene. 

Condensation of salicylaldehyde and XII, in 


11) V. D. N. Sastry and T. R. Seshadri, Proc. Indian 
Acad. Sci., 6A, 29 (1942); Chem. Abstr., 37. 880 (1943). 
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the presence of potassium hydroxide or piperi- 
dine, affords a compound corresponding to XV. 


CN 
CH-COOC:H; 


O 
NH: 
/\¢COOC:H: 
Vv 
O.,O 
- # 
4 C-NHz 
NC-C-COOC:H: 
XV 
CN t 
AX OH C-COOC:H 
| C-NH; 
/ CHO CH; 
COOC:H; 


XII 


Knoevenagel et al.’ reported the formation 
of 2-oxo-$-phenylpropane-a, a, 7-tricarboxylic 
anhydride (XVII) from V but re-examination 
of this reaction showed the formation of IX 
alone and not the compound corresponding to 
XVII. 

It has been found that hydrolysis of V with 
ethanolic solution of potassium hydroxide pro- 
duces XVI. This reaction mechanism must 
be such as is indicated in Scheme 1. 


NC 


“~- O c ( 
Vv - OH H 


ZOH H OO 


COO 
CH=C 
CN 


Scheme 1. 


This reaction is similar to the mechanism of 
formation of aromatic nitrile by alkaline hydrol- 
ysis of trichloro-aryl-ketimine'. 
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Scheme 2. 


12) J. Houben and W. Fisher, J. prakt. Chem., 123, 313 
(1929); D. T. Mowry, Chem. Revs., 42, 221 (1948) 
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The mechanism for formation of V_ by the 
condensation of I and II is illustrated in 
Scheme 2. 

Formation of salicylaldehyde derivatives by 
nucleophilic attack against tropone derivatives 
has already been witnessed in the reaction of 
2,7-dihalotropone with alkali’ or ammonia’, 
of 2-halo-7-phenyltropone and 2,4, 7-tribromo- 
tropone’*'!®., 

Kitahara'’? assumed a reaction mechanism 
for this kind of rearrangement reaction in which 
the nucleophilic reagent attacks the 3-position 
of the tropone ring. 

Formation of V from I is assumed to follow 
similar rearrangement reaction mechanism. 

Formation of an intermediate XIX is sup- 
ported by the following evidence. Baker et al.’ 
found that heating of salicylidenecyanoacetic 
acid (XX) in ethanol changed it into a sub- 
stance XXI sparingly soluble in ethanol, and 
XXI was easily soluble in water and neutrali- 
zation of its aqueous solution resulted in the 
formation of X. They therefore assumed for 
XXI an imino compound like XXlIa or an 
intramolecular salt of imino compound like 
XXIb. 


~ /O.4NH O /NH:* 
| | \ | 
Y ? COOH Y ~ Poo 
XXIa XXIb 
Experimental” 


Picrate of V.—A saturated ethanolic solution of 
picric acid was added to a solution of 100mg. of 
V dissolved in 3ml. of ethanol and 150mg. of 
yellow needles, m.p. 215°C (decomp.), separated 
out immediately. This picrate undergoes decom- 
position when heated in ethanol and changes into 
an easily soluble substance. 

Found: C, 49.52; H, 3.91; N, 12.63. Calcd. 
for C23H20.2N;: C, 49.37; H, 3.75; N, 12.52%. 

Picrate of VIII.—-Yellow needles, m.p. 195~ 
196°C. 

Found: N, 12.53. Caled. for CosH230;2N;: N, 
12.21%. 

Reaction of V with Dilute Acids.—-a) A solu- 
tion of 500 mg. of V dissolved in 10 ml. of ethanol, 
added with 0.2ml. of 6N hydrochloric acid, was 
boiled for 3 min. and evaporation of ethanol left 
prismatic crystals. The addition of water to this 


13) S. Seto, Sci. Repts. Tohoku Univ., (1), 37, 275 (1953). 

14) T. Nozoe. S. Seto and T. Sato, Proc. Japan Acad., 3, 
473 (1954). 

15) T. Mukai, This Bulletin, 32, 272 (1959). 

16) T. Nozoe, K. Doi and S. Endo, This Bulletin, 33, 
1285 (1960). 

17) Y. Kitahara, Sci. Repts. Tohoku Univ., (1), 39, 250 
« 1956). 

18) W. Baker and A. Lapworth, J. Chem. Soc., 127, 560 
(1925). 

19) All melting points are uncorrected. 


crystalline residue resulted in the melting of the 
crystals to form an oily substance which crystal- 
lized on standing. Recrystallization from ethanol 
afforded 250mg. of colorless prisms (IX), m. p. 
92~93°C which showed no depression on admixture 
with 3-ethoxycarbonylcoumarin. 

Found: C, 66.38; H, 4.95. Caled. for CyH iO, : 
C, 66.05; H, 4.62%. 

b) A mixture of 100mg. of V in 3ml. of 2N 
hydrochloric acid was refluxed at 100~110°C for 
lhr., by which V dissolved gradually. Water was 
added to the reaction mixture under cooling and 
colorless crystals precipitated out. Recrystallization 
from ethanol afforded 40 mg. of IX. 

c) A mixture of 100mg. of V in Iml. of 6N 
hydrochloric acid was heated on a water bath for 
4hr., water was evaporated, and the precipitate 
thereby formed was recrystallized from ethanol, 
affording 20mg. of X, m.p. 186~188°C, which 
showed no depression on admixture with 3-car- 
boxycoumarin. 

Found: C, 63.02; H, 3.61. Calcd. for CyH¢Oy,: 
C, &.16; H, 3.18%. 

Formation of Coumarin (X).—-Low-pressure sub- 
limation of 50mg. of X by heating at 200~230°C 
produced some crystals with an aroma. Reccystalli- 
zation of the sublimate from cyclohexane gave 
colorless plates (X), m.p. 67~68 C. undepressed 
on admixture with coumarin. 

Deuteration of V.—V was recrystallized from 
50% mixture of dehydrated dioxane and deuterium 
oxide. 

Formation of a-Amino-a-(3-coumarinyl)-8-cyano- 
B-ethoxycarbonylethylene (XV).—A suspension ot 
100 mg. of V in I ml. of ethanol, with 3 drops of 
piperidine added, was refluxed for 4hr., by which 
V dissolved once, and colorless needle crystals began 
to precipitate out as the reaction proceeded. Re- 
crystallization of these crystals from a large volume 
of ethanol gave 60 mg. of XV, m. p. 245~246 C. 

Found: C, 63.12; H, 4.34; N, 9.85. Calcd. for 
CisH12O,.Ne: C, 63.38; H, 4.26; N. 9.86%. 

UV. A4MeOH mye (logs): 280 (4.36), 318 (4.0). 

Synthesis of XV.—A solution of 50 mg. of sali- 
cylaldehyde and 100mg. of XII dissolved in 0.5 ml. 
of absolute ethanol with | drop of piperidine added 
was allowed to stand at room temperature. The 
crystals that precipitated out were recrystallized 
from ethanol and 120mg. of XV was obtained. 
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Oxidation of o-Hydroxyphenylacetylene and o, o’- 
Dihydroxydiphenyldiacetylene by Copper Ion 


By Fumio ToDA and Masazumi NAKAGAWA 


(Received December 9, 1960) 


Previously the present authors have reported 
the quantitative formation of 2, 2'-dibenzofur- 
anyl (VI) by the intramolecular cyclization of 
o,o'-dihydroxydiphenyldiacetylene (III) = on 
treatment with basic reagents. It has been 
found that VI is also formed quantitatively by 
the photodecomposition of the silver salt of 
Il. It is apparent that the former reaction 
involves an intramolecular nucleophilic addi- 
tion of a phenoxide anion to the triple bond 
and the latter reaction proceeds through a 
radical intermediate. 

The present paper deals with the formation 
of VI from o-hydroxyphenylacetylene (1) or 
Ill by the action of cupric acetate in pyridine. 
The treatment of I with the conventional 
cuprous chloride-ammonium chloride coupling 
reagent in an atmosphere of oxygen yielded 
the expected product Ill in a reasonable yield”. 
Unexpectedly, however, an evolution of heat 
was observed when I was added to a solution 
of cupric acetate in pyridine which is an 
excellent reagent of oxidative coupling of 
ethynyl compound proposed by Eglinton*, and 
VI was isolated in a yield of 30% from the 
reaction mixture together with fairly large 
amount of an unidentified neutral oily material. 
A similar treatment of II with the Eglinton’s 
reagent gave VI in quantitative yield. No 
change was observed when III was treated with 
pyridine without cupric acetate, in spite of the 


C=C-C=¢ 
_ Ill 
( 
() ) 
Cr 
cst — Cx ° 
I I 
!) F. Toda and M. Nakagawa This Bulletin, 32, 514 
(195 
2) F. Toda and M. Nakagawa, ibid., 33, 1287 (1960) 
G. Eglinton and A. R. Galbraith.{Chem. & Ind., 1956, 


737; J. Chem. Soc., 1959, 889 


intramolecular cyclization of III could be 
caused by a weak base such as sodium carbo- 
nate or sodium hydrogen carbonate. Therefore, 
the presence of cupric ion is essential for the 
cyclization of III to VI. 

Transitory formation of ethynyl radical 
during the course of oxidation of terminal 
acetylene by aqueous solution of cupric salt 
was postulated by Klebanski et al. One 
electron oxidation of an ethynyl anion by 
cupric ion results in a transitory radical. Rapid 
combination of two of the ethynyl radicals 
forms diacetylenic product. The formation of 
the ethynyl radical VII seems to be probable 
in the course of the photochemical transforma- 
tion of silver acetylide of I into coumarone”. 
Also the appearance of the phenoxy! radical IV 
seems to be highly probable in an intermediate 
stage of transformation of the silver salt of III 
into VI by irradiation. More recently the 
appearance of phenoxyl radical was confirmed 
in several instances'?. 

From the above-mentioned consideration, it 
appears likely that we may conclude that the 
reaction of I with cupric ion proceeds through 
the formation of free radical Il. The coupling 
of two of II results in the new radical IV 
which is the same with the intermediate of the 
photochemical formation of VI from the silver 
salt of Ill. The oxidation of I with cupric 
ion may produce other radicals such as VII 


4) A. L. Klebanski, 1. V. Grachev and O. M. Kustret- 
sova, Zhur. Obshchei Khim., 27, 2977 (1957). 

5) V. Prey and G. Pieh, Monath. Chem., 80, 790 (1949). 
6) A. S. Hay, H. S. Blanchard, G. F. Endres and J. W 
Enstance, J. Am. Chem. Soc., $1, 6335 (1959); G. D. Staffin 

and C. C. Price, ibid., 82, 3632 (1960) 
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and VIII. Coupling two of VII and subsequent 
oxidation of the hydroxyl groups may be another 
route leading I to IV. Cyclization or other side 
reactions of II, VIf and VIII which occur prior 
to the coupling reaction leading to IV may be 
responsible for the low yield of VI and the 
formation of a neutral oily by-product in the 
reaction of I with Eglinton’s reagent. 

The great difference between the mode of 
oxidation of I by the conventional coupling 
technique employing cuprous salt and that of 
the one by the Eglinton’s procedure is remark- 
able, because cupric ion produced by the aerial 
oxidation of cuprous ion is regarded as the 
Oxidizing agent in the former reaction® and 
also the oxidizing agent in the latter process 
is undoubtedly the same cupric ion. Quite 
recently, Hay’? has reported that  phenyl- 
acetylene and diethynylbenzenes can be coupled 
rapidly at room temperature with oxygen or 
air in a pyridine solution containing catalytic 
amount of cuprous chloride. He pointed out 
also that cupric carboxylates are catalysts for 
the reaction vut they have far inferior catalytic 
activity as compared with cuprous salts. The 
copper ion in these coupling reagents must 
exist in some form of complex and it seems to 
be highly possible that the ethynyl compound 
takes the part of the ligand of the copper 
complex. Therefore, the marked difference of 
the oxidizing power of these coupling reagents 
is associated with the difference of the structure 
of copper complex formed in the particular 
reaction mixture. 


Experimental 
Oxidative Coupling of o-Hyroxyphenylacetylene 


by the Eglinton’s Method.—-A solution of o-hy- 
droxyphenylacetylene (1, 5.0g.) in ethanol (10 ml.) 


Oxidation of o-Hydroxyphenylacetylene 
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was added to a deep blue solution of cupric acetate 
monohydrate (30g.) in pyridine (65g.). An ap- 
preciable elevation of the temperature of the mixture 
was observed and the color of the mixture rapidly 
changed to green. The reaction mixture was stirred 
for 2 hr. under cooling with running water. Stirring 
was continued for further 2hr. at 50°C. After re- 
moval of the solvent under reduced pressure the re- 
sidue was mixed with water and extracted with ether. 
The ether extract was washed with aqueous solution 
of cupric acetate and water, successively and dried 
over sodium sulfate. Tiny colorless needles sus- 
pended in an oily liquid were obtained after 
evaporating the solvent. The crystals were filtered, 
washed with ethanol and recrystallized from benzene 
using active charcoal giving colorless needles, m.p. 
194.5~195.5°C, 1.5g. (30%). The substance 
showed no depression of the melting point on 
admixture with a genuine sample of 2,2'-dibenzo- 
furanyl (VI). 

Oxidation of o, o'-Dihydroxydiphenyldiacetylene 
with the Eglinton’s Reagent._-A mixture of 0, 0'- 
dihydroxydiphenyldiacetylene (III, 0.50g.), cupric 
acetate monohydrate (3.0g.) and pyridine (20 g.) 
was stirred for 3 hr. at 60°C. The solvent was 
distilled in vacuo. The residue was mixed with 
water and extracted with ether. The extract was 
washed with aqueous cupric acetate and water, 
successively. The dried solution (over magnesium 
sulfate) was concentrated, yielding crude crystals, 
m.p. 194.5~195.5-C, 0.5g. The crude material 
was recrystallized from benzene employing active 
charcoal to give colorless needles, m.p. 194.5~ 
195.5 C, 0.45g. (90%). This was identified as 
2,2'-dibenzofuranyl (VI) by the mixed melting point 
determination with an authentic specimen of VI». 
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Aggregation of lon-exchange Resin Particles 


By Manabu SENO and Takeo YAMABE 
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An ion-exchange resin is a crosslinked poly- 
electrolyte gel, which dissociates to produce 
cations or anions.  Polystyrenesulfonic acid- 
divinylbenzene and polyvinylbenzyltrimethyl- 
ammonium  hydroxide-divinylbenzene are a 
typical cation-exchange resin and a typical 
anion-exchange resin used now, respectively. 
These resins exhibit a remarkable swelling 
behavior when the degree of crosslinking, e. g., 
the content of divinylbenzene is_ small. 
Resins with a high degree of crosslinking 
scarcely swell at all and, using these resins, 
researches not on the swelling behavior of 
resins but on the aggregation behavior are 
able to be carried out. 

The cation- and the anion-exchange resins 
have negative and positive charges, respectively, 
in the dissociated states and, therefore, it is 
expected that the interparticlar interaction 
exerts itself between two kinds of these resin 
particles. In practice, it is often observed that 
such an aggregation takes place in a mixed 
bed water purification apparatus. In this paper, 
some observation on the aggregation behavior 
will be presented. Independently of this 
investigation, Grubhofer described recently a 
similar observation». It is believed that this 
behavior is of interest colloid-chemically and 
the ion-exchange resins are interesting samples 
to investigate colloid-chemical phenomena in 
this respect. Recently, Schenkel and Kitchener 
used similar particles to test the Derjaguin- 
Verwey-Overbeek theory”. 


Experimental 


lon-exchage resins used primarily in this experi- 
ment are commercially-available ones, Dowex SOW 
and Dowex 1, which are strongly acidic and strongly 
basic polystyrene-based resins with sulfonic acid 
group or quarternary ammonium group, respectively. 
In addition, the following resins were used ; Amber- 
lite IR-120 (strongly acidic), Amberlite IRA-400 
(strongly basic), Amberlite IRC-50 (weakly acidic) 
and Amberlite IR-4B (weakly basic). The former 
two are polystyrene-type resins and the later two 
are polyalkene-type ones with carboxyl acid group 
and secondary or tertiary amino group, respectively. 


1) M. Sen6d and T. Yamabe, presented at the 9th Annual 
Meeting of the Society of Polymer Science, Osaka, May, 
1960. 

2) N. Grubhofer, Angew. Chem., 71, 215 (1959). 

3) J. H. Schenkel and J. A, Kitchener, Trans. Faraday 
Soc., 56, 161 (1960). 
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The H*-form cation exchanger or the OH~-form 
anion-exchanger is prepared by treating them with 
hydrochloric acid or sodium hydroxide solution, 
respectively, after conditioning them several times 
and washing them thoroughly with deionized water. 
The aggregation behavior was observed directly 
with the naked eye or by microphotography and, as 
a measure of the degree of aggregation, the 
sedimentation volumes were measured. About 1 g. 
of air-dried resins was taken into 20 ml. of suspend- 
ing media in the sedimentation tube, which is 
1Scm. in height and 1.5cm. in inner diameter. 
The suspending media were deionized water except 
when stated otherwise. After being stirred vigor- 
ously, the sedimentation tube was settled in the 
quiescent state overnight at room temperature, 20~ 
25°C, and the sedimentation volume was read. By 
correcting for the moisture content of resins, the 
specific sedimentation volume was gained. The 
moisture content was measured gravimetrically by 
drying them on phosphorus pentoxide in vacuo. 


Results and Discussion 


Formation of Aggregation.._Dowex 50W 
resins of hydrogen-form or Dowex | resins of 
hydroxyl-form, individually, form dense sedi- 
ments in water, the specific sedimentation 
volume being 2.6 ml./g., respectively. When 
both kinds of resins are mixed, remarkable 
aggregation takes place; very bulky sediment 
is formed and the specific sedimentation volume 
is 21 ml./g. (volume fraction of particles in the 
sediment is 0.04). By observing the microscop- 
ic photograph of these systems shown in Fig. 
1, it is clear that, although each kind of resins, 
individually, disperses uniformly, in the mixture 
of them both resins combine with each other 
to form agglomerates with large voids. 

It is well-known that, the stronger is the 
attracting interaction between the particles, 
the larger is the sedimentation volume of the 
particles. Recently, Vold” calculated the sedi- 
mentation volume of the colloidal particles 
whose attracting range extends over a distance 
r times larger than the particle radius from 
their surface. According to her calculation, 
the ion-exchange particles under study now 
have a range of attraction nearly equal to the 
particle radius (r=1). 

These agglomerates are formed in the systems 
of weakly dissociated resins, e. g., between 


4) M. J. Vold, J. Colloid Sci., 14, 168 (1989). 
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‘Amberlite IR-120 and Amberlite IRA-400 

Amberlite IR-120 and Amberlite IR-4B, Amber- 
lite IRC-50 and Amberlite IRA-400, and 
Amberlite IRC-50 and Amberlite IR-4B. But 
the last system, e. g., the weakly acidic and the 
weakly basic resins, do aggregate only to less 
extent. The degree of aggregation of these 
systems is given in Table I. 


TABLE I. DEGREE OF AGGREGATION OF 





VARIOUS PARTICLE SYSTEMS 


c ree 
System* sama ** 
Fig. |. Microphotographs of various ion- IR-120-IRA~400 2.8 
exchange systems ( «60). IR-120-IR-4B 19 
a. Dowex SOW-X8, 200 mesh. (Particles IRC-50-IRA~—400 2.5 
disperse uniformly. IRC-50-IR-4B 1.3 
b. Dowex S50W-X8, 200 mesh-Dowex 1-X8, 
200 mesh, 10:1 by wt. ratio. (Small * All the particles are Amberlite ion-exchange 
agglomerates are formed. resins, 20mesh of particle size and 1:1 
c. Dowex S50W-X8, 200 mesh-Dowex  1- mixture by weight. 
X8, 200 mesh, 1: 1 by wt. ratio. (Large ** Degree of aggregation are defined as the 
agglomerates are formed over a whole ratio of sedimentation volume (aggregate) 
system.) in pure water to the volume (non-aggregate) 
d. Dowex S0W-X8, 20 mesh-Dowex 1-X8, in IN sodium chloride. 


200 mesh, 10:1 by wt. ratio. (Larger 
particles combine each other through the 
medium of smaller particles.) 


Effect of Addition of Salts.—The aggregates 


e. Dowex 50W-X8. 20 mesh-Dowex 1-X8 are destroyed by addition of salts. The specific 
200 mesh, 1:1 by wt. ratio. (Larger sedimentation volumes diminish on addition of 
particles are covered with smaller salts such as sodium chloride as shown in Fig. 


particles and stabilized.) 2. As for the breaking-down of aggregates by 
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0.01 0.01 0.1 ¢ ( 10 


Specific sedimentation volume, 


Salt concentration, N 


Fig. 2. Effects of addition of salts on 
sedimentation volume. System; Dowex 
50W (200 mesh)-Dowex 1 (200 mesh), 1: 1 
by weight. NaCl, MegClo, 
NaeSO,, -@- MgSO,. C; and C2 are satura- 
tion concentrations of Dowex SOW and 
Dowex 1, calculated from the total exchange 
capacities of resins. 


addition of salts the following results are to be 
pointed out; 

(1) The effect of destruction of agglomera- 
tes is primarily governed by equivalent 
concentration of salt solution, independently of 
variation of the kind of salts. 

(2) In high concentration range of salts, in 
which the aggregates are completely broken 
down, the specific sedimentation volume changes 
with the variation of salts. But this difference 
is primarily due to the difference in the density 
of the salt solution, and it is finally observed 
that the anion-exchange resin, the lighter one, 
is separated from the cation-exchange resin, 
the heavier one, and floats up. 


(3) When the. saturation concentration 


which is calculated from the total exchange 
capacity of resins is reached, the hydrogen 
ions or the hydroxyl ions may be largely 


replaced for, say, the sodium ions or the chloride 
ions and at this concentration the aggregate is 
completely broken down. In the far lower 
concentration range than this saturation con- 
centration, the aggregate is destroyed conside- 
rably and there is a linear relationship between 
the specific sedimentation volume and the 
logarithm of the concentration of the added 
salt solution. 

(4) The aggregates are broken down by 
the addition of acids or alkaline solutions. 
The strongly acidic resin-the weakly basic 
resin (Amberlite IR-120-Amberlite IR-4B) 
destroyed with hydrochloric acid, and the 
weakly acidic resin-the strongly basic resin 
(Amberlite IRC-50-Amberliet IRA-400) destroy- 
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ed with sodium hydroxide become to form 
aggregation again, on washing them with 
deionized water. It may be due to hydrolysis 
of weakly dissociated resins. 

Aggregation in Non-aqueous Media.— As it 
appears that the interparticlar force is electro- 
static in nature, it seems to be interesting to 
investigate the aggregation behavior in non- 
aqueous media, the dielectric constant of which 
is small. It is well-known that the minute 
amount of water influences greatly the electro- 
static coagulation and the air-dried ion-exchange 
resins contain the considerable amount of water, 
for these are very lyophilic gels, and hence the 
air-dried resins must be dried on phosphorus 
pentoxide in vacuo to remove moisture from 
them completely. The sedimentation volume 
of these dried resins in dried benzene was 
measured and was shown in Fig. 3. As seen 


-/g. 


ml 
ey 
Sees 
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Specific sedimentation volume, 


0 25 50 75 100 


Moisture content of resins, 


Fig. 3 Effect of moisture on sedimentation 
volumes of resins in benzene. Dowex 5O0W 
(200 mesh)-Dowex 1 (200 mesh) 


in this figure, in which the specific sedimenta- 
tion volume is plotted against the moisture 
content of resins, the resins do not form an 
aggregate in the complete absence of water. 
Mechanism of Aggregation.—-It is supported 
by the above-mentioned results that the inter- 
particlar force which causes aggregation is 
electrostatic in nature. The agglomeration 
takes place between the hydrogen-form cation- 
exchange resins and the hydroxyl-form anion- 


exchange resins. A_ kind of neutralization 
reaction occurs between the particles of hydro- 
gen-form resin and the hydroxyl-form resin 


and results in producing the negatively charged 
and the positively charged resin particles and 
Coulombic interaction is exerted between these 
charged particles. Such a coagulation behavior 
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was observed also between a polymeric acid 
and a polymeric base by Deuel et al.» 

The presence of small additional ions such as 
sodium or chloride ions screens the charges on 
the particles and the interparticlar Coulombic 
attraction decreases. In benzene free from 
water the degree of dissociation of counterions 
is so small that the neutralization does not 
proceed between hydrogen- and hydroxyl-form 
particles. Hence the aggregates are not formed 
in such a system. 

Steric Factor on Aggregation.—It is well- 
known that the steric factors such as the size 
and shape of particles affect greatly the aggre- 
gation behavior of colloidal particles. The ion- 
exchange particles used in this investigation are 
very large in size and spherical in shape. 
Therefore, it seems that the effect of size 
ratio of both particles participated with aggre- 
gation is more interesting than that of the 
size and shape itself. In Fig. 4, the aggregation 
behavior of the ion-exchange resin particles, 
Dowex S50W and Dowex 1, with different sizes is 
shown. As seen in this figure, the particles with 
the same sizes show a maximum aggregation 
on mixing at the equal amounts of both resins 
and the particles with the different sizes show 
a maximum aggregation on mixing at a larger 
amount of the larger particle and a smaller 
amount of the smaller particle. The weight 


g. 


mi. 


Specitic sedimentation volume, 





Dowex 50W 
Mixing ratio by weight 


Dowex 1 


Fig. 4 Sedimentation volumes of mixtures 
of resins of various particle sizes. 
Mesh size ; Dowex 50 W Dowex 1 
—O 200(0.043 mm.) 200(0.055 mm.) 
20(0.375 mm.) 200 
200 40(0.190 mm.) 
 @ 20 40 
Average radii of resin particles are given 
in parentheses. 


5) H. Deuel, J. Solms and A. Denzler, Helv. Chim. 
Acta, 3%, 1671 (1953). 
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Fig. 5. Relation of the mixing ratio of 
maximum aggregation and the particle 


size ratio. 


: O 


> 





Plots of 1 
Full line is the theoretical. 


Fig. 6. against r./? 


fraction of the cation-exchange resin, Dowex 
50W, that gives the maximum aggregation is 
shown against the ratio of radii between both 
of the resin particles in Fig. 5. It is clearly 
noticed that the difference in size between both 
particles influences markedly the aggregation 
behavior. 

Now, it is assumed that the maximum aggre- 
gation takes place in the case where the total 
surface areas of the two kinds of particles are 
equal. The following formula is derived from 
this assumption. 

max 

nor 

where Omax is the weight fraction of Dowex 
SOW giving maximum aggregation, and r; and 
ro are radii of Dowex 50W and Dowex 1 
particles, respectively. In Fig. 6, the reciprocal 
of ©max is plotted against the reciprocal of 
ri/r. If the above-mentioned assumption is 
valid, this plot should be a straight line 
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intersecting the ordinate at unity. As shown 
in Fig. 6, it is confirmed that this is the case 
in the present systems. 


Summary 


Some observations are presented on the 
aggregation behavior of the ion-exchange resin 
particles. On mixing the hydrogen-form 
cation-exchange resin particles with the hydro- 
xyl-form anion-exchange resin particles, remark- 
able aggregation takes place. It seems that 
this aggregation is due to the electrostatic 
attraction force exerted between resin particles. 
This is supported by the results that the aggre- 
gation is destroyed by addition of salts and 
that the agglomerates are not formed in non- 
polar medium in the complete absence of 
water. Moreover, it was demonstrated that 
the variation of the size ratio of particles 
influences markedly the aggregation behavior. 
A simple explanation is given for such a coa- 
gulation phenomena. 


The Institute of Industrial Science 
The University of Tokyo 
Yavoi-cho, Chiba 
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Added in proof : 


It was shown by further observations done after 
contribution of this paper that salt-form  ion- 
exchange resin particles, for example, sodium-form 
cation-exchange resin and _ chloride-form anion- 
exchange resin aggregate in pure water where no 
additional salt is completely absent and also red 
color due to the formation of ferric thiocyanate 
complex does not appear when ferric-form cation- 
exchange resin and thiocyanate-form anion-exchange 
resin are mixed in pure water. From these obser- 
vations it is clear that no chemical reaction takes 
place practically between these particles and some 
modifications should be applied to the coagulation 
mechanism proposed in the present paper. A _ por- 
tion of counterions distributes outside of the resin 
particle, so that the fixed charges of the resin are 
not completely neutralized by the counterions in 
the volume occupied by the particle. Therefore, 
the cation-exchange resin particles carry negative 
charges and the anion-exchange resin particles carry 
positive charges in their suspension. Electrostatic 
interaction is exerted between these particles. Dis- 
tribution of counterions would be largely affected 
by the salt concentration, the dielectric constant of 
medium and the degree of dissociation of fixed 
ionized groups. The details will be reported later. 


Selenium Dioxide Catalyzed 


Oxidative Rearrangement Reaction of Desoxybenzoin' 


By Noboru SONODA and Shigeru TsuTSUMI 


(Received December 14, 1960) 


in this series described 
the fact that the selenium dioxide catalyzed 
hydrogen peroxide oxidation of enolizable 
ketones produces carboxylic acids by the intra- 
molecular migration of alkyl or aryl group to 
the a-carbon atom of the carbonyl group. The 


The previous papers 


present study was undertaken to provide 
additional informations pertinent to active 
species of these reactions and the reaction 
processes. 


For this purpose, desoxybenzoin was selected 
as a starting material. According to the pro- 


1) Reported at the Autumn Meeting of Chemical 
Society of Japan, Tokyo, October, 1959. 

2) N. Sonoda and S. Tsutsumi, This Bulletin, 32, 505 
(1959) 

3) N. Sonoda, T. Yamaguchi and S. Tsutsumi, J. Chem. 
Soc. Japan, Ind. Chem. Sec. (Kogyo Kagaku Zasshi), 63, 737 
(1960). 

4) N. Sonoda and S. Tsutsumi, 
(1960). 


This Bulletin, 33, 1440 


cedure? previously employed for phenyl alkyl 
ketones, desoxybenzoin (I) was oxidized with 
hydrogen peroxide in the presence of a catalytic 
amount of selenium dioxide in tertiary butyl 
alcohol at 82°C. The formation of diphenyl 
acetic acid (II) was observed and benzoic acid 
was also isolated as a acidic product. 

After unreacted desoxybenzoin was removed, 
small amounts of benzil (III) and benzoin (IV) 
were isolated from the neutral part of the 
reaction products, and an oily substance was 
also isolated as the residue. The strong infrared 
absorption bands at 1110 (sym. C-O-C), 1270 
(asym. C-O-C) and 1710 cm (C-O) of the 
residue indicated the presence of an ester group, 
and it was confirmed to be benzyl benzoate (V) 
by gaschromatographic analysis. 

Diphenyl acetic acid (Il) should be produced 
by the migration of phenyl group to the a- 
carbon atom of the benzyl group in conformity 
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with the reaction aptitude observed in the 
previous paper’, whereas the formation of 
benzyl benzoate (V) may be apparently due 
to Baeyer-Villiger oxidative rearrangement 
reaction 


CH- COOH 


SeO.-H.O 
II 
< »>-CH2-C=-O 
SeO.-H.O 
I Baeyer-Villiger 
Reaction \ CH.-O-C-O 
V 


It was confirmed experimentally that benzyl 
benzoate is not an intermediate in the reaction 
path of the production of diphenyl! acetic acid. 
Therefore, both the rearrangement reactions 
described above may proceed competitively in 
the same reaction system. This is also supported 
by the fact that the Baeyer-Villiger reaction is 
generally applicable to the non _ enolizable 
ketones whicn can not produce the rearranged 
carboxylic acids. For example, benzophenone 
was oxidized by the selenium dioxide catalyzed 
hydrogen peroxide yielding phenyl benzoate or 
its hydrolyzed products. 

C.. ,  SeO:-H.0, )-0-C- ’ 
O O 


Baeyer-Villiger reaction is interpreted as 
one of the reactions of ketones with peroxy- 
acids. The favored reaction mechanism was 
first proposed by Criegee’», who assumed that 
the addition of peroxyacid to the carbonyl 
group produced a hydroxyperoxide VI (referred 
to as “Criegee Intermediate”), which dis- 
sociated to give an electron-deficient ion VII, 
and then was rearranged to form carbonium 
ion VIII with cleavage of a carbon-carbon 
bond, and VIII decomposed to the ester. 

Accordingly, the formation of benzyl ben- 
zoate from desoxybenzoin may be due to some 
kind of peroxyacid as the active oxidizing 
species in the selenium  dioxide-hydrogen 


5) For a review of the Baeyer-Villiger reaction, see C. 
H. Hassall, Organic Reactions”, Vol. IX, John Wiley 
& Sons, Inc., New York, N. Y. (1957). pp. 73-106. 

6) Recently, Hellman and Rosegay have 
the occurrence of the Baeyer-Villiger reation from the 


also reported 
isolation of 6-hydroxycaproic acid in the oxidation prod- 
ucts of cyclohexanone with selenic acid-hydrogen peroxide 
reagent; H.M. Hellman and A. Rosegay, Tetrahedron 
Letters, 1959, No. 13, 1~3; Chem. Abstr., 54, 4345 (1960 


7) R. Criegee, Ann, 560, 127 (1948). 
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OOA O: 
a. -e" * oe G-C-8 - 8-C - Rk + 0 
o OH OH 
VI VII 
R-C-OR' Me al 
O H o.H VIII 


AOOH : peroxyacid 


peroxide system, and this fact is also consistent 
with our previous assumption” that peroxy- 
selenious acid is the most probable catalyst. 
The formation of peroxyselenious acid was 
first assumed by Hughes and Martin? from 
the kinetic study of the oxidation of selenium 
dioxide with hydrogen peroxide to selenic acid. 


OH 


SeO, ~ H:O; ~” HOOSex< 


O 


Recently, Ogata and Tabushi'? have reported 


in the kinetic study of the oxidation of 

dimethylaniline that a kind of peroxide such 
i . HO . oO 

as peroxyselenious acid or Se is as- 
a HO *">o 


sumed to be produced as the active oxidizing 
species. 

Although the formation of selenic acid would 
be possible in this reaction system, the selenic 
acid might not be the active species, because 
desoxybenzoin was oxidized with selenic acid 
to yield benzil as well as in the case of the 
selenious acid oxidation, and no rearrangement 
reaction was observed. In addition, Ogata and 
Tabushi® have shown in the kinetic study that 
peroxyselenic acid’ may not be an active 
Oxidizing species. 

Hawthorne and his co-workers'’? reported that 
the Baeyer-Villiger rearrangement of desoxy- 
benzoin with trifluoroperoxyacetic acid gave 
benzyl benzoate and phenyl phenylacetate in 
the ratio of 51:39. In contrast to this result, 
only benzyl benzoate was isolated as ester 
in the selenium dioxide catalyzed hydrogen 
peroxide oxidation, and phenyl phenylacetate 
was not detected by the gas chromatography 
which was capable of analyzing both the 
esters. It is interesting to note that the 
rearrangement aptituds of the two possible 


8) F. J. Hughes and D. S. Martin Jr., J. Phys. Chem 
1¢ 


59, 410 (1955). 

9) Y. Ogata and I. Tabushi, This Bulletin, 32, 215 (1959 
10) The formation of peroxyselenic acid (H»SeO;) wa 
assumed by several workers; (a) R. R. Worsley and H 
B. Baker, J. Chem. Soc., 123, 2870 (1923). (b) C. W. Smit! 


and R. T. Holm, J. Org. Chem., 22, 746 (1957) But the 

evidence and the other information of the peroxyselenic 
acid were not obt 1able See c) W. C. Schumb et 
Hydrogen Peroxide Reinhold Pub., New York, N. Y 

(1955), p. 477 

11) M. F. Hawthorne, W. D. Emmons and K. S. M 

Callum, J. Am. Chem. Soc., 80, 6393 (195 
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migrating groups, phenyl and benzyl groups, 
are largely dependent on the kind of the 
oxidative reagent in the Baeyer-Villiger reac- 
tion. Such a difference in the migrating 
aptitude was also reported by Howthorne and 
the co-workers'», who showed that the greater 
selectivity between migrating groups was 
observed in the cleavage of phenyl cyclohexyl 
ketone with peroxyacetic acid as compared 
with the similar reaction with trifluoroperoxy- 
acetic acid. 

The simplest interpretation of the reaction 
mechanism of the diphenyl acetic acid forma- 
tion may involve the electrophilic attack of 
the peroxyacid to a double bond formed 
between the carbonyl carbon and the methylene 
carbon atoms. The formation of this double 
bond was assumed from the observation’:’:'” 
that the orientation of the migration of alkyl 
groups in the selenium dioxide catalyzed 
rearrangement reaction of aliphatic unsym- 


12) The detailed results were presented at the 13th 
Annual Meeting of the Chemical Society of Japan, Tokyo, 
April, 1960 


metrical ketones with hydrogen peroxide was 
comparable to the orientation of the enol form 
or of diketone formation with selenious acid. 
Accordingly, it is reasonable to say that the 
initial state of the attack of peroxyselenious 
acid to the ketone will be analogous to that 
of selenious acid. Although we have proposed 
the inferential mechanism® which comprises 
the enol formation followed by the attack of 
the peroxyselenious acid, the other possible 
reaction path will be suggested from the recent 
study on the mechanism of selenium dioxide 
oxidation of ketones, in which Corey and 
Schaefer’? have pointed out that the electro- 
philic character to the carbonyl group may be 
served by 4d-orbitals of selenium in the first 
step of the reaction. In the present case the 
formation of the double bond may be induced 
by the electrophilic addition of the peroxysele- 
nious acid to the carbonyl oxygen (IX), and 
then electrophilic attack by hydroperoxy group 
occurs intramolecularly (X) as shown below. 


13) E. J. Corey and J. P. Schaefer, J. Am. Chem. Soc., 
$2, 918 (1960). 
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Elimination of selenious acid from X may yield 
hydronium ion (XI) which will be rearranged 
to produce the carboxylic acid (II). 

Our results are not sufficient to allow a 
choice between the two proposed reaction 
paths ; however, the latter may be more favor- 
able because of the distinctive character of the 
peroxyselenious acid as compared with the 
other peroxyacids. 

Since no products other than benzil have 
been found’ in the oxidation of desoxybenzoin 
with selenious acid, the formation of benzoin 
might be illustrated in the path via hydronium 
ion intermediate (XI). 


Experimental’ 


Materials._-Desoxybenzoin was prepared from 
phenyl acetic acid, phosphorus trichloride and 
benzene according to the procedure of Allen and 
Barker’); b. p. 158°C (4mmHg). A sample, m. p. 
57°C, was obtained by the recrystallization from 
methanol. 

Reagent for Oxidation. -- A solution containing 
20ml. of 30% hydrogen peroxide and 80ml. of 
tertiary butyl alcohol was dried over 60g. of an- 
hydrous sodium sulfate for two days. After filtra- 
tion of sodium sulfate, 0.2 g. of selenium dioxide 
was dissolved in 25 ml. of this solution. The solu- 
tion prepared was used as a reagent for oxidation. 

Oxidation of Desoxybenzoin.—In a 15 ml. of 
tertiary butyl alcohol, was dissolved 4.9g, (0.025 
mol.) of desoxybenzoin by slight heating, and 25 
ml. of hydrogen peroxide-selenium dioxide reagent 
(0.05 mol. of hydrogen peroxide and 0.2 g. of 
selenium dioxide) was added. The reaction mixture 
was refluxed for 17 hr., and was distilled under 
reduced pressure to remove the solvent and water. 
The residue was diluted with 100ml. of ether and 
was filtered to remove a small amount of metallic 
selenium deposited. The ethereal solution was 
extracted with 10%, potassium carbonate solution. 

Acidic Products.—The potassium carbonate solu- 
tion was acidified with 4N hydrochloric acid and 
extracted with ether. The ether extract was dried 
over anhydrous sodium sulfate and removal of the 
ether left 1.3g. of mixture of acids. Benzoic acid 
(0.6g.) was separated as the soluble part of the 
mixture in warm water, m.p. 121°C (lit.'@ 121°C), 
mixed melting point with an authentic sample was 
not depressed. 

The insoluble part (0.5g.) was_ recrystallized 
from a small amount of benzene to remove the 
brown impurities and was further recrystallized 
from hot water. This yielded white crystals, 0.2 g. 
of diphenyl acetic acid (6% yield based on the 
unrecovered desoxybenzoin); m.p. 145°C (lit." 
145°C), mixed melting point with an authentic 
sample showed no depression. 


14) The boiling and the melting points are uncorrected. 
15) C. F.H. Allen and W. E. Barker, ** Organic Synthe- 
ses’, Coll. Vol. II (1948), p. 156. 

16) R.R. L. Shriner, R. C. Fuson and D. Y. Curtin, 
‘* The Systematic Identification of Organic Compounds”, 
4th Ed., John Wiley & Sons, Inc., New York, N. Y. (1956). 
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Found: C, 79.00; H, 5.52. Caled. for Cy4H,2O0:: 
C, 79.22; H, 5.10%. 

Neutral Products.—-The ethereal solution, from 
which the acidic products were removed was dried 
over anhydrous sodium sulfate, and the ether was 
evaporated. On distillation of the residual brown 
oily liquid under reduced pressure, 3.0g. of yellow 
oily products were obtained, b.p. 140~166°C (4 
mmHg). After cooling overnight, crystals deposited 
were filtered and _ recrystallized from methanol 
giving 1.6g. of recovered desoxybenzoin, m. p. 
55°C. The filtrate was further cooled at 0 C for 
two days, and crystals deposited were filtered and 
recrystallized from ethanol giving a small amount 
of recovered desoxybenzoin and 35mg. of benzil; 
faint yellow crystalline solid, m. p. 94~95 C (lit.'® 
95°C), undepressed when mixed with an authentic 
sample. 

Found: C, 80.15; H, 5.11. Caled. for Cy,HiO:: 
C, 79.98; H, 4.79%. 

The filtrate was cooled further at 0°C for 3 weeks 
and isolated crystalline solid was recrystallized 
from ethanol; 25mg. of white crystals were ob- 
tained, m. p. 130~132°C; the infrared spectrum! 
exhibited strong absorption bands at 3320 (OH) 
and 1680cm~! (conjugated C=O), and was identical 
with an authentic benzoin; vicinal hydroxy ketone 
test!» by periodic acid reagent gave positive result. 
In the above respects this sample was confirmed to 
be mainly benzoin (lit. m.p. 133°C). 

Found: C, 79.23; H, 5.78. Caled. for C,sH,20.: 
C, t.22;5 Oy 3. Fee 

The residual liquid was redistilled under reduced 
pressure, and 0.9 g. of oily product, benzyl benzoate, 
was obtained. The infrared spectrum'” of analytical 
sample, b. p. 156~157°C (3 mmHg), showed strong 
bands at 1710 (C=O), 1270 (asym. C-O-C) and 
1110cm~! (sym. C-O-C), and was identical with 
an authentic sample. 

Found: C, 79.50; H, 5.54. Calcd. for C,,H;202: 
C, i.e; Gt, 5.70%. 

Presence of phenyl phenylacetate was not detected 
by the gaschromatography which was capable of 
separating phenyl phenylacetate and benzyl ben- 
zoate : column, Silicone-550; column temperature, 
205°C ; carrier gas, He. 

Oxidation of Benzophenone.—-To a 225ml. of 
selenium dioxide-hydrogen peroxide reagent (0.05 
mol. of hydrogen peroxide and 0.2 g. of selenium 
dioxide) was added 50 ml. of tertiary butyl alcohol 
and 9.1 g. (0.05 mol.) of benzophenone, and the 
mixture was refluxed for 24 hr. After removal of 
the solvent from the reaction mixture, the residual 
products was separated into acidic and neutral 
parts according to the usual procedure. From the 
acidic part was isolated 0.2g. of benzoic acid. For 
the purpose of saponification of the ester contained, 
the neutral product was treated with 5g. of sodium 
hydroxide in 90% aqueous methanol solution at 
65-C for 2hr. After removal of the methanol, 20 
ml. of water was added and the neutral substance 
was extracted with ether. The ether extract gave 
6.8g. of unreacted benzophenone, b. p. 124~129°C 


17) The infrared spectra were obtained on a Shimadzu 
Model IR-27A instrument. 
18) Ref. 16, p. 129 
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(3mmHg). Acidification of the water soluble part 
yielded 0.4 g. of benzoic acid, and small amount 
of phenol was also isolated; the tribromide was 
prepared which melted at 94°C (lit.'© m.p. 95°C), 
mixed melting point with an authentic sample 
showed no depression. The formation of phenyl 
benzoate was confirmed from the above experiments. 

Oxidation of Desoxybenzoin with Selenic Acid. 

To a mixed solution of 50ml. of tertiary butyl 
alcohol and 50ml. of methanol was added 9.8 g. 
(0.05 mol.) of desoxybenzoin. The solution was 
heated to 70 C, and 18g. of 40%, aqueous selenic 
acid (0.05 mol.) was added dropwise to the solution. 
After the solution was maintained at 70°C for 24 
hr., metallic selenium deposited was filtered off. 
The filtrate was distilled to remove the solvent, 
and the residue was separated into acidic and 
neutral parts according to the usual procedure. 
From the acidic part was isolated 0.15 g. of benzoic 
acid. The neutral part gave 7.6g. of benzil, m. p. 
94~95 C, and 1.8 g. of unidentified substance (prob- 
ably, some organo selenium compound). 


Summary 


1) Selenium dioxide catalyzed oxidation of 
desoxybenzoin with hydrogen peroxide in 
tertiary butyl alcohol gave diphenyl acetic acid 
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which was produced by the rearrangement of 
phenyl group to the methylene carbon atom. 

2) Baeyer-Villiger reaction was also occurred 
competitively in this reaction system, and 
benzyl benzoate was isolated as ester from the 
neutral products. Such an observation shows 
that the active oxidizing species may be some 
kind of peroxyacid. This fact is consistent 
with Our previous assumption that peroxy- 
selenious acid is the most probable catalytic 
form. 

3) It is assumed in the reaction path of 
the formation of the rearranged carboxylic acid 
that the initial state of the attack of the 
peroxyselenious acid to the ketone may be 
analogous to that of selenious acid. From 
this point of view, a possible reaction path was 
proposed. 


The authors wish to thank Dr. Y. Odaira 
for his helpful suggestions and encouragement 
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Kerr Effect in Liquid State 


By Hideo OKABAYASHI 


(Received December 23, 1960) 


In the calculation of a physical property of 
liquid on the basis of a molecular theory, a 
form of local (or internal)’ field may play an 
important role. 

A theoretical formula for the dielctric con- 
stant of liquid has been derived, in which the 
local field is assumed to have the following 
expression”. 

On 
~ 


F (1 rok (ht ) r(e 


m ; du 
©; 2na,a,a 
» (a u)v (a u)la u)(a u) 


(1) 
1) M. Born used the term “das wirkende Feld”; M 
Born, ** Optik, Verlag von J. Springer. (1933); P. Debye 
used the term “das (wirksame) innere Feld”; P. Debye, 
‘*Polare Molekeln”’, Verlag von S. Hirzel, Leipzig (1929) 


J. H. Van Vieck used the term “local field’’, and used 
the term “internal field’ instead of the term “‘self-field’ 
in the previous paper’’: J. H. Van Vieck, ‘**‘ The Theory 
of Electric and Magnetic Susceptibilities* Oxford Press 
(1932). The terminology “local field’ or “internal field” 
is according to H. Frohlich; H. Frohlich, Theory of 


Dielectrics, Oxford Press (1950) 


The liquid is considered as consisting of 
molecules, each of which has a permanent dipole 
and an anisotropic polarizability. Each com- 
ponent of the dipole moment is denoted as /o:, 
{foo and /4);. The component of the polarizability 
tensor along the principal axis is represented 
as @, @ and az, respectively. The molecular 
shape is assumed to be ellipsoid. 2a,, 2a, and 
2a; are the lengths of the principal axes. The 
molecular volume is v. Further it is assumed 
that the direction of each principal axis is 
coincident with that of each principal axis of 
the polarizability. 

In the present paper, Eq. | is applied to 
the derivation of a theoretical formula of Kerr 
constant in liquid state. The numerical cal- 
culation of the Kerr constant is also made and 
compared with the experimental value. 

The Formula of the Kerr Constant in Liquid 
State.— Generally, a liquid may be birefringent 


2) M. Yasumi, H. Okabayashi and H. Komooka, This 
Bulletin, 31, 402, 673 (1958). 


_ 
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when an electric field is applied. The magni- 
tude of the artificial birefringence is represented 
quantitatively by Kerr constant B 


n n 


. AE 


where n and n, denote the refractive indices 
of the liquid parallel to and perpendicular to 
the applied field, respectively. 4 is the wave- 
length of light in vacuo. E is the magnitude 
of the applied static electric field. 

The theory of the Kerr effect was derived 


by Born According to his theory, the Kerr 


constant has the following expression. 
-~N ° > 
i 2° )@ 0.) 
34 3 
l : aan 
‘oy ee > ajil@) aia) a (O) a0) 
4SKT \33 
l i 
oy) = = p> ail@m) aila@) " " ZL? 
45k° T° 33 


is the static dielectric constant of the liquid 
and vn is the ordinary refractive index. WN.. is 
the number of molecules in a unit volume. 
ai(w) is the polarizability at the angular fre- 
quency of w. This formula has been success- 
fully applied to the case of gases. A mole- 
cule of the gas may either be polar or non- 
polar. However, as yet no theory of Kerr 
effect in liquid state could explain experimental 
facts sufficiently The discrepancy between 
theory and experiment may lie in the inappro- 
priate assumption of the local field. In the 
following, on the basis of the formula 1 for 
the local field, the Kerr constant of liquid is 
calculated. 

The strength of the total electric field in the 


medium is denoted by &£;, and 
E,-- E+ e-exp(—iot) (3) 


E is the static part and e-exp(--iwt) is the 
oscillating part. The static part of the local 
field is expressed as before: 


c;,a(0 Cj ftoj 
Fi='t Ko) ( . ) 
v v 


3 ) (1)' 


ai(0) is used instead of a;, in order to indicate 
that it concerns the static field. 


i(0)( E 


3 This definition is based on the experimental method 
From the theoretical standpoint, it is more convenient to 
define K~ Bi as the Kerr constant than B However, in 
the present paper the quantity of B is dealt with according 


to the traditional custom 

4) M. Born, Ann. Physik, 55, 177 (1918 

5) c. g. A. Peterlin and H. A. Stuart, Z. Physik, 113, 
663 (1937); H. A. Stuart, “Die Physik der Hochpolymeren”™ 
Bd. |., Springer-Verlag, Berlin (1952), p. 426 
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The oscillating part of the local filed f-exp 
(—iwt) is represented as, 


. c aim) 
ie l eie 7Vi(wm)ee'° 
9 
(4) 
The expression 4 is obtained from the as- 
sumption that the liquid molecule can not 


follow the oscillating field. 
To obtain the formula of the Kerr constant, 
the value of the electric moment due » the 


oscillating field must be known. 


It is denoted by /.-exp(-— iat), and 


(l.°@ Sa (w)fie 


e e 


The refractive index nm. along the e is related 


to the mean value of /. as follows; 
(n lje -4zN.4"' (6) 


> 1s Obtained according to the Boltzmann 
Statistics. 
fr exp (- U/kT)dQ 


fexp U/kT )dO 
d.O represents elementary solid angle. U is 
the potential energy under the influence of the 


field. 


Sai(0) Feo SiF (8) 


| 


Here an assumption is made that, 


E., E2, E €1, 2, e (9) 


In the calculation of </>, exp(—U/KT) is 
expressed in the power series of E, and only 
the terms proportional to E and E* are retained. 
Two distinct cases must be considered. 

(1) If the direction of the electric vector 
of the incident light is coincident with that 
of the static electric field, and </.> is denoted 
as </t >, then 


a 
Lt e 3 Ue (w)7ilo) 
E 
c a 2 1ai(o)j (mw) ayslmyj(am) 
45kT 133 
ai(0)7i (0) a (0); (0) 
E 
> & ail@m)yilo) alo ryilao) 


45k T°123 


" (0) — #ty)7;'(0) 10) 


/ ‘ 


s related ton as follows. 


(n le -4xN.<r 11) 
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(2) If the electric vector of the light is 
perpendicular to the direction of the static 
electric field and </> is denoted as (/*,>, then 


K { ptoi?7i' (0) — ftos"75'(O) J (14) 


Because of small magnitude of (n  n7,), 


7 , _— (w)7(w) (n n.) is replaced by 2n. 
- ‘ In the case when the direction of the per- 
E manent dipole moment is coincident with the 
90kKT Sialoyilo) aj(@)7j\(o) direction of one of the principal axes of the 
_ molecular ellipsoid (i.e. a; axis), Eg. 14 is 
x {ai(0)7i°(0) — aj(0)7;’(0) simplified as, 
E zNe l 
_ > 4 (w)7i(w) (w)7\(w) — 2 (a “(a hivrtioy' 
90k’ Tes aila)7ile ajlm)7 jlo B oc ISKT 133 aloa)yilo) ajlw)y (om) 
Ki (O) — 1052775'(0)} (12) ai(0)71°(0) — as) 7°); 
{ ft0i73 Mos] ; 2 
and isk?T 13a (w)71(m) Sa (m)7i(o) } 
(n le 4zNClt (13) 

, Ky '¢ 5 
The Kerr constant B is expressed as: to°71' (0) (15) 
B z= Ne | Ss falorit _— Comparison of Eq. 15 with Experiments. 

at | wer a," OKO) ~ AKO KO); In the calculation of the Kerr constant with 


Fq. 15, the value of permanent dipole mo- 
ment, that of the component of polarizability 
I and that of the molecular dimension must be 


~~, Stalwm)yilw) aj(w)7\(o) i a 
Sk? T? 3 eT" —— known. Values of these quantities are taken 


{ai (0)7:'(0)- aj\(0)7;'(0) } 


TABLE I. THE VALUES OF %, aj(m), (Pe Pa) AND THE AXIAL RATIO OF THE MOLECULAR ELLIPSOID 


Substance my 10 a, ~ 10 as <10% a,x1l0" (Pe+ Pa) Axial ratio 
Carbon disulfide 0 151.4 55.4 55.4 22.74 1:0.54: 0.54 
Chloroform 1.05 66.8 90.1 90.1 25.34 i:b.:t i. 
Methylene dichloride 1.62 59.6 84.7 50.2 20 .0* 71.23 Om 
Methyl iodide 1.65 $7.2 65.7 65.7 21.9 1: 0.64: 0.64 
Nitromethane 3.46 51.8 Tas? 18.3 18.3% 1:0.94:0.73 
Diethyl ether ‘a7 78.7 112.6 70.7 23.24 1: 1.80: 0.82 
Benzene 0 123.1 123.1 63.5 274 426.22 
Toluene 0.37 156.4 136.6 74.8 32.34 1: 0.76: 0.47 
m-Xylene 0.34 161.6! 178.3 83.5 i: 3.26: ¢.37 
Fluorobenzene i.SF 112.6 110.6 71.1 31.35 1:0.85 : 0.49 
Chlorobenzene 1.70 155.1 138.2 74.2 34.9% 1:0.76:0.44 
Bromobenzene 1.64 168.4 121.3 95.6 35 .6° 1: 0.74: 0.44 
lodobenzene 1.70 198.4 140.7 113.6 41.4 1:06.71 :@.47 
p-Dichlorobenzene 0 212.9 124.8 88.3 37.95 1: 0.66: 0.38 
m-Dichlorobenzene 1.72 158.2 178.4 90.4 39.04 Bare FL 
o-Dichlorobenzene 2.50 176.8 158.5 89.7 40.2 1: 0.92: 0.55 
a-Bromonaphthalene 1.45- 239% 214.5 128 1: 1.01: 0.44 
Nitrobenzene 4.19 171.6 141.9 74.1 36.2! 1:0.76: 0.44 
Acetone 2.87 69.6 i. ae 48.2 16.73 1: 1.24: 0.47 
Ethyl-methyl ketone 2.87 85.5 98.3 60.2 1: 1.939:0.74 
Pyridine Boao 108.4 118.8 57.8 1: 0.98 : 0.56 


The values of ~, ai(@) and the axial ratio of the molecular ellipsoid are the same as values 
a previous paper except for m-xylene and a-bromonaphthalene (This Bulletin, 31, 402, 673 
{ 35)). 
H. A. Stuart and H. Volkmann, Z. Physik, 80, 107 (1933). 
) C. G. Le Févre and R. J. W. Le Févre, J. Chem. Soc., 1955, 1641. 
C. G. Le Feévre and R. J. W. Le Févre, Rev. Pure Appl. Chem., 5, 26 (1955). They have 
assumed that (Pe+Pa)—1.1 Pe. 
4) Landolt-Bérnstein Tabellen, 6. Aufl., Bd. I., Teil 3 (1951). p. 514. The value of a\(0) is ob- 
tained on the assumption that R, — (47/3)Na{Sai(m)/3} and aj(0)/ai(w) — (Pe~Pa)/Ri. Na 
is Avogadro’s number. 
C. G. Le Févre and R. J. W. Le Févre, J. Chem. Soc., 1954, 1577. The value of aj(0) is 
obtained on the assumption that Pe (4</3)Na{Stai(m)/3} and aj(0)/ai(w) = (Pe Pa)/Pr. 
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from the literatures by the method similar to 
that written in the previous paper”. 

Contrary to the case of the calculation of 
the static dielectric constant, in the case of 
the calculation of the Kerr constant, both the 
values of ai(0) and ai(m) are needed. How- 
ever, as yet the value of ai(0) is not known. 
Stuart” and Le Fevre? have assumed that 
«“i(0)/ailm) OP; P,)/Ra. P;, is electronic 
polarisation and P, is atomic polarization. Ra, 
is molecular refraction for the wavelength of 2. 

In Table I the values of the following quan- 
tities are tabulated; the value of permanent 
dipole moment /t), the value of the component 
of polarizability ai(m), the value of (P;,) Py) 
and the values of the ratios of axial lengths 
of the molecular ellipsoid. 

The Kerr constant of about twenty substances 
is calculated with Eq. 15 and compared with 
the experimental value. 

The value calculated with Eq. 2 is also 
compared with experimental one. 

Generally speaking, the considerable discrep- 
ancy between the theoretical value and the 
experimental one is observed if we apply Eq. 
2, and moreover, the greater the value of the 
dielectric constant of liquid, the greater becomes 
the discrepancy 

On the contrary, the calculated value with 
Eq. 15 is not very far from the experimental 
one. 

When atomic polarization is taken in account, 
the coincidence is not unsatisfactory. 

In Table II, the calculated and the experi- 
mental values of Bare tabulated. In the fourth 
column, the calculated values with Eq. 15 
are tabulated, in which a;(0) is replaced by 
ai(m). In the fifth, the value of a;(0) is taken 
in account. 

In the sixth, the values of B calculated with 
Eq. 2 are represented. The experimental values 
of B are also represented in the seventh column. 
In addition, the values of « are tabulated in 
the eighth. 

For a symmetrical top molecule the calcula- 
tion which is to be described in the following 
is also made. 

A symmetrical top molecule can be approxi- 
mated as a spheroid. The shape of a spheroid 
can be determined by only one axial ratio. In 
this case, the value of the axial ratio is chosen 
as to fit the experimental value of the Kerr 


6) H. A. Stuart and H. Volkmann, Ann. Physik, 18, 121 
(1933) 

7) C. G. Le Fevre and R. J. W. Le Feévre, J. Chem. 
Soc., 1953, 4041. Further they have used P R.. (molecu- 
lar refraction for light of infinite wavelength) instead of 
Rj. 

&) However, the so-called 42/3 catastrophe®’ does not 
arise in the Kerr effect. 

9) J.H. Van Vieck, Ann. N. Y. Acad. Sci., 4, 295 (1940). 
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constant, and is compared with the geometrical 
one. 

In the case of a general ellipsoidal molecule, 
the Kerr constant is calculated with Eq. 15, 
in which the value of axial ratio is taken as 
the value of the geometrical one. 

In the following, some remarks are made on 
special cases. 

Spheroide Molecules... a) Carbon Disulfide 

For liquid carbon disulfide the calculated 
value of the Kerr constant is sensitive to the 
assumed axial ratio. The value of axial ratio 
0.48 is fitted best to the observed value of the 
Kerr constant. In the case of dielectric constant 
the value of axial ratio 0.50 is the fittest value. 
The geometrical value is 0.54. 

b) Benzene.-- The obtained value of the 
axial ratio 0.44 is smaller than the geometrical 
one 0.52. 

c) Chloroform. — The value of axial ratio 
1.82 is the fittest value if atomic polarization 
is taken in account. The geometrical value is 
1.54. 

General Ellipsoid Molecules. a) Benzene 
Derivatives.. The calculated value of the Kerr 
constant gives the right magnitude, but the 
values for fluorobenzene', p-dichlorobenzene 
and nitrobenzene are excepted. As the only 
one exceptional case, the value for p-dichloro- 
benzene obtained with Eq. 2 is better than the 
value obtained with Eq. 15. The calculated 
value of the Kerr constant of liquid fluoro- 
benzene is lower than the experimental one. 
The theoretical value for nitrobenzene is much 
lower than the experimental one. 

b) Pyridine..-The calculated value ts lower 
than the experimental one. 

c) Nitromethane...The value of electronic 
polarization and that of atomic polarization 
are evaluated by Le Feévre” as 12.0 cc. and 6.3 cc., 
respectively. The calculated value of the Kerr 
constant coincides fairly with the observed one 
if atomic polarization is taken in account. 
However, whether the coincidence is fortuitous 
or not is not determined as yet. 

d) Diethyl Ether. For diethyl ether planer 
zigzag form is assumed. The value of axial 
ratio calculated from the molecular model is 
fairly consistent with the value which is fittest 
for the value of the Kerr constant. 

e) Ethyl Methyl Ketone._-Also the model of 
planer zigzag form is adopted. The calculated 
value is lower than the experimental one. 


10) It is interesting to note that the value of the com- 
ponent of the molecular polarizabilit of fluorobenzene 
is almost the same as that of benzene Le Fevre has 
obtained the following values. 

a 10 a 10 a.~l0 
Benzene 111.4 11.4 73. 
Fluorobenzene 112.6 110.6 71.1 
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Summary 


A formula for the Kerr constant in liquid 
State has been derived, in which the form of 
the local field is assumed to be the same as that 
derived previously The formnla is able to 
explain experimental data to some _ extent, 
although there are some exceptions. 
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Polycyclic aromatic hydrecarbons with halo- 
gens form molecular complexes in solid state 
and those complexes of the transfer 
type possess relatively high conduc- 
tivity. The preliminary survey for the semicon- 
ductive properties of these complexes has been 
given in the first paper? of this 
investigations. Concerning the mechanism of 
electronic conduction in organic 
charge transfer complexes are so suggestive 
that their structures with their physical proper- 
ties are specially interesting. In the preceding 
paper», the violanthrene-iodine system was 
investigated in connection with its structure. 
In this paper, the investigation of the perylene- 
iodine system, another typical example for this 
series of complexes, is presented. 

Preparation and Composition 
Iodine Complex. The formation of a solid 
molecular compound between perylene and 
iodine has been known for many 
the investigations of Clar and Brass, and 
also, by Zinke et al. However, concerning 
the composition of this complex, these investi- 
gators did not come to agreement with each 
other. 

When perylene is added to the benzene 
solution of iodine, the molecular complex is 
obtained as a black precipitate which consists 


charge 
electrical 


series of 


solids, the 


of Perylene- 


years since 


1) H. Akamatu, H. Inokuchi and Y. Matsunaga This 
Bulletin, 29, 213 (1956). 
2) H. Akamatu, Y. Matsunaga and H. Kuroda, ibid., 


30, 618 (1957) 

3) E. Clar and K. Brass, Ber., 65, 1660 (1932); 72, 604 
(1939). 

4) A. Zinke and A. Pongratz, ibid., 70, 214 (1937); A 
Zinke and H. Troger, ibid., 74, 107 (1941); M. Pestemer 
and E. Treiber, ibid., 74, 964 (1941). 


of needle-shaped minute crystals. This complex 
is somewhat unstable in the atmosphere and 
has tendency to liberate iodine. The following 
procedure was employed for the determination 
of the composition. Perylene (100~130 mg.) 
and iodine (appropriate amount) were dissolved 
in 50 ml. of benzene. By heating this solution 
under reflux condenser, both components were 
homogeneously dissolved. Then the container 
was transferred into a thermostat of 20°C, and 
the complex was precipitated from the solution. 
For the purpose of keeping the equilibrium 
between the precipitated complex and the 
solution, the container was held at this tem- 
perature for more than 15 hr. being continuously 
vibrated. Then by a suction through a glass 
filter, the precipitate was separated from the 
solution as quickly as possible, and was kept 
in a desiccator. The iodine content in the 
solution was determined by the titration with 
sodium thiosulfate solution. The iodine 
content of the precipitate was also determined 
by the same method after dissolving it into 
benzene. 

In Fig. 1, the iodine content of the benzene 
solution which is in equilibrium with the 
precipitate is plotted against the composition 
of the precipitate. The composition is expressed 
with the number of iodine molecules added to 
one molecule of perylene (mole ratio) 

On this curve, the isotherm for the hetero- 
geneous equilibrium of the  perylene-iodine 
system, the horizontal part AB indicates that 
the precipitate should consist of two sorts of 
solid phase, one is perylene and the other is 


the complex which has the composition of 
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ny 


. mol. 


iodine 
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Mole ratio, I; perylene 
Fig. 1. The isotherm of perylene-iodine 
system. The concentration of iodine in 
benzene solution is plotted against the 
composition of precipitate. 
Perylene-1.51.. It can be seen directly or 


under a microscope that the precipitate is a 
mixture of yellow crystals (perylene) and black 
needles (complex). As will be shown in the 
latter section, the magnetic susceptibility 
measurement also verifies the 
Perylene-1.51,. At the vertical part CD, the 
precipitate is made of one phase which has the 
composition of Perylene-3l.. Thus, there are 
two kinds of complexes which have different 
compositions. The precipitate at the interme- 
diate part BC should be made of a solid solution 
of these two kinds of complexes. The shape 
of the curve BC is similar to that of the 
vViolanthrene-iodine system, which was discussed 
in the previous paper 

The spectrophotometric measurement was 
made for the mixed solution of perylene and 


TaBce I. 


Composition in mole 


ratio, I:/perylene p—116 
Perylene 4.0 ~ 10" 
0.23 6.8.10 

0.86 74 
1.08 27 
1.56 16 
1.80 19 
2.42 19 
2.96 20 
5.8 22 
lodine* 5.85 < 10' 


existence of 
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SEMICONDUCTIVE DATA Of 


Electrical resistivity at 15 C, ohm.cm. 


Pp 
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iodine in benzene and also in chloroform, but 
the absorption band due to the complex 
formation could not be found over 3000~7000 A 


range. This result implies that the molecular 
complex has poor solubility or it might be 
stable only in the solid state. Thus the 


equilibrium between perylene and iodine, for 
instance when the concentration of iodine is 
high enough, can be expressed as 


Perylene(soln.) | 31.(soln.).” [Perylene- 31.] 


The equilibrium constant in benzene solution 
has been found to be K. -2.1*10° (in mol./I. 
unit, 20°C). This leads to the free energy of 
the complex formation, ~ATIn K.~ ~7.1 kcal. 
mol. 

Electrical Properties... The electrical resistiv- 
ity of perylene-bromine complex is not stable 
because of the substitution reaction of bromine 
as reported in the previous paper. This is 
not the case, however, for the perylene-iodine 
complex; the substitution reaction does not 
take place between iodine and hydrogen, and 
the complex can be kept stable if it is sealed 
in the dry atmosphere. 

The precipitate from the benzene solution 
was applied to the resistivity measurement. 
The specimen powder was compressed between 
the metal electrodes in an ebonite tube having 
diameter of 8.0 mm. The electrode 
surfaces were coated with platinum plates. 
The electrical field applied to the specimen 
was about 20V./cm. and the resistance was 
read with an ohmmeter. 

The observed resistivity was dependent on 
the applied pressure and it decreased with the 
reciprocal of pressure in a linear way when 
the applied pressure was above 50 kg./cm’. 
This might be due to the presence of contact 
resistance between particles. Thus, the limiting 
value was read by the extrapolation to the 
infinite pressure. This value, p(p--), is 
assumed as the intrinsic resistivity of the sample 
is shown in Table I, where the observed 


inside 


and 


PERYLENE-IODINE COMPLEX 
—_ Temperature 
oo : ; range 
2.0, 108~ — 170 C 
500 0.09 Room temp.~ — 80°C 
30 0.06 Room temp.~ —170 C 
15 0.06 1 
9 0.06 4 
9 0.06 4 
10 0.05 y 
10 0.06 4 
15 0.07 Room temp.~— 150 C 
4.5, 25~113°C 


* M. Rabinowitsch, Z. Physik. Chem., 119, 82 (1926). 
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resistivity at the pressure of 116 kg./cm? is also 
shown for comparison. 

The voltage dependence for the current was 
examined with the complex having the compo- 
sition of Perylene-2.53 1... The linear relation- 
ship was observed between the current and the 
applied voltage when the voltage was not 
higher than 25 V. cm. In this region where 
the Ohm’s law holds, the current was stable 
and quite reversible. This indicates that the 
conduction is the electronic one. However, 
when a higher voltage than this value was 
applied, the larger current deviating from the 
linear relationship was observed instantaneously 
and then it decreased gradually. After the 
external field was removed, the cell was still 
polarized slightly for a while. 

The temperature dependence for the resistiv- 
ity was observed in the range from room 
temperature down to 170°C. No higher 
temperature can be applied to the sample for 
it decomposes and liberates iodine. 

It was observed that the resistivity increases 
with decreasing temperature, and a good linear 
relationship was found between the logarithm 
of resistivity and the reciprocal of temperature. 
This linear relation was found even in a case 
of which the sample consisted of two solid 
phases (perylene and complex) or of the solid 
solution, similarly as in the case of a pure 
simple compound (for instance perylene). 

Assuming the formula 9 p,exp(</2kT), 
where ¢ is the resistivity and 9, is a constant, 
the value of ¢«, the “energy gap” for the 
generation of charge carriers was estimated. 
This value is shown in Table I. 

In Table I, it is seen that the ¢-value is 
nearly constant (about 0.06eV.) over a very 
wide range of the mole ratio. This might be 
due to the fact that the observed value was 
the one having the narrowest energy gap which 
participated predominantly in the generation 
of charge carriers at the low temperature range 
where the experiment was carried out. 

There are two kinds of intermolecular com- 
pounds, as mentioned in the preceeding section, 
Perylene-1.S |. and Perylene-3I.. It is notice- 
able, however, that no important distinction 
can be found for the values of the energy gap 
between those complexes, similarly for the 
values of resistivity. Therefore, it can be 
concluded that both complexes, Perylene- 1.5 I 
and Perylene-31., possess resistivity of 9~ 
10 ohm.cm. and an energy gap of 0.06eV. In 
consequence the solid solution of these com- 


plexes possesses the same values regardless of 


its composition. 

For the purpose of knowing the principal 
charge carriers, whether electrons or positive 
holes, the preliminary examination of the 
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thermoelectric power of the cell was made. 
Both leads of the cell were connected to a 
galvanometer. When the one side of the cell 
was heated to a higher temperature than the 
other side, the flow of a minute current was 
observed. The direction of the current indicated 
that the warm side electrode was negative against 
the cold side electrode of the cell. The amount 
of the thermoelectric power was roughly 
estimated as a few micro volts per degree. 
This indicates that positive holes contribute to 
the current more predominantly than electrons. 

Magnetic Susceptibility. Both perylene and 
iodine are diamagnetic substances. In the case 
of the formation of the charge transfer complex, 
however, the magnetic susceptibility of the 
system shows a large deviation from the addi- 
tive property of diamagnetism”. This offers 
a method to examine the composition of the 
intermolecular compound formed in the system. 
The Gouy method was employed for the 
susceptibility measurement at the room tempe- 
rature. The observed values are summarized 
in Table Il and illustrated in Fig. 2 as the 
function of iodine content. 

The remarkable depression of diamagnetism 
from the value given by the additivity rule 


TABLE Il. THE DIAMAGNETIC SUSCEPTIBILITY 
OF PERYLENE-IODINE SYSTEM 


Wt. percent- Mole ratio Specific susceptibility 


age of I, I./perylene Z «10° 
0 0 0.632 - 0.007 
22.6 0.29 0.517 0.004 
44.0 0.78 0.418 . 0.007 
62.2 1.63 0.343 ; 0.009 
65.7 1.90 0.324: 0.006 
68.8 2.20 0.338 + 0.007 
75.1 3.00 0.337 + 0.009 

100 0. 36* 


* International Critical Table VI, p. 355. 


Mole ratio 
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Fig. 2. The plot of the diamagnetic suscep- 
tibility of perylene-iodine system as the 
function of iodine content. 
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(the dotted line) is seen in Fig. 2. The 
depression proceeds in a linear way as the 
iodine content increases up to 60 per cent. 
Then, from 60 per cent up the susceptibility 
appears almost constant; but probably it 
proceeds toward the value of iodine. Thus a 
sharp break is found at the iodine content of 
60 per cent (the mole ratio is 1.5). The linear 
part of susceptibility below this iodine content 
follows the additivity rule in regard to the 
mixture of pure perylene and the complex of 
this composition. This proves the complex 
formation of Perylene-1.5 1... Its molar suscep- 
tibility is -217*10~°, which implies that the 
depression from the diamagnetic additivity is 
80x10 ° per mole of perylene. However, the 
recognition of the formation of Perylene-3 |] 
is difficult from the magnetic susceptibility 
measurement, as its value is almost the same 
as the value of Perylene-1.5 1. and also is not 
far from the value of iodine. This suggests 
that in the formation of Perylene-3 1, from 
Perylene- 1.51. by further addition of iodine, 
the electronic state of the system is not 
greatly influenced. The molar susceptibility 
of Perylene-3 1, is --342* 10°° and the diamag- 
netic depression is 92x10~°. This is compa- 
rable to that of Perylene-1.5 1. 

ESR Absorption.- The diamagnetic depression 
from the additivity rule should be attributed to 
the paramagnetic contribution of the unpaired 
electrons which are generated in association 
with the formation of charge transfer complex, 
as Matsunaga’? has pointed out previously. 
The electron spin resonance absorption was 
examined for the perylene-iodine system as the 
function of iodine content. An x-band micro- 
wave spectrometer, Hitachi MPS-! was employ- 
ed. The measurement was carried out at room 


TABLE II]. THE ELECTRON SPIN RESONANCI 
ABSORPTION OF PERYLENE-IODINE SYSTEM 


(AT ROOM TEMPERATURE) 


ine ' Number of spins 
Mole ratio width Number : ; 
| : ; : : per one molecule 
pery- at halt of spins F ceomeiatin 
lene maximum per g of perylene 
ps : ; ESR Static* 
gauss 
0.29 8 1.8.10 0.01 0.01 
0.78 8 FS. ag 0.02 0.03 
‘32 8 I 4 0.06 0.06 
1.84 11 5.2 a 0.06 0.06 
ae + 11 5.2x 9 0.06 0.06 
2:38 13 ox * 0.05 0.06 
3.00 13 3.0x 7 0.05 0.07 


These values were calculated with the devia- 
tion from the additivity rule for molar 
susceptibility, dividing by 1270 «10 


5) Y. Matsunaga, This Bulletin, 28, 475 (1955). 
6) Y. Matsunaga, J. Chem. Phys., 30, 855 (1959). 
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temperature. The spin concentration and the 
g-value were determined referring to the values 
of DPPH. The results are summarized in Table 
HT. 

The g-value was observed to be constant, 
2.0043, regardless of the composition of the 
complex. The spin concentration varies with 
the iodine content, but the number of spins 
assigned to one molecule of perylene becomes 
nearly constant in any system whose mole 


ratio is more than 1.5. In the last column of 


the table, the number of unpaired electrons 
calculated from the diamagnetic depression in 
molar susceptibility is shown. These values 
are in good agreement with those observed by 
ESR absorption. The most interesting point 
in this result is that the number of unpaired 
electrons assigned to one perylene molecule ts 
essentially constant for both Perylene-1.51 
and Perylene-31.. This suggests again, with 
the electrical property, that the electronic 
states are not greatly different from each other 
in those two complexes. 

On the Structure of Perylene-lodine Com- 
plex.—The X-ray diffraction patterns have been 
examined with the association of the * Geiger- 
flex’ diffractometer for the complexes which 
have the compositions of Perylene-1.51, and 
Perylene-3 I, respectively. Both complexes give 
sharp crystalline patterns which are quite 
different from that of perylene. This is in 
marked contrast to the violanthrene-iodine 
complex, which gives an amorphous pattern». 
The main diffraction lines of Perylene-1.5 1, and 
Perylene-3 1, are in common with each other 
regarding the position as well as the intensity 
ratio. This indicates that these two complexes 
have structures very similar to each other. 

Concerning the crystal system, no information 


could be obtained from the observed values of 


spacing alone, because it possesses low sym- 
metry. However, three series of diffraction lines 
could be found in the observed principal lines. 
The first series consists of lines whose spacing 
is 13.5A and possesses the largest intensity 
compared to the other series. The second and 
the third series consist of lines which have 
the spacing of 11.5 and 10.7A respectively. In 
all of these series, the first order diffraction 
lines are weak in intensity, but the second 
order diffraction lines possess enough intensity 
and are well resolved. 

Hassel and Stromme have made investiga- 
tion on the crystal structure of the benzene- 
bromine complex. It was concluded that in 
this solid complex the molecules of bromine 
and benzene are arranged alternately with each 
other, directing the molecular axis of bromine 


7) O. Hassel and K. O. Stromme fcta Chem. Scand., 
12, 1146 (1958). 
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nearly perpendicular to the molecular plane of 


benzene. A similar structure could be assumed 
for the perylene-iodine complex. If an iodine 
molecule is sandwiched between two perylene 
molecules, directing its molecular axis perpendic- 
ularly to the plane of the perylene molecule, 
the distance between the two perylene molecules 
would be 10.7A (the thickness of aromatic 
molecular plane -3.7A and the length of iodine 
molecule 7.0A). This value is in coincidence 
with the observed spacing of 10.7A The 
molecular plane of perylene possesses enough 
area to accommodate three iodine molecules. 


Thus, it is likely that the complex is made of 


a structural unit such as is shown in Fig. 3. 
The reflection planes which have the spacing 
of 13.5A and give the strongest diffraction 
lines should be the planes which contain iodine 
molecules in the highest density, and could be 
constructed by stacking such structural units. 
However, no further information can be derived 
from the powder diffraction diagram alone. 
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(a) Perylene-1.51 (b) Perylene-3] 
Fig. 3. The proposed structure of perylene- 
iodine complex (a) Perylene-1.5 1. (b) 


Perylene-31 


The density of the perylene-iodine system 
has been examined. The pycnometer was 
employed in association with an aqueous 
medium containing a small amount of surfac- 
tant. In Fig. 4, the specific volume is plotted 
against the iodine content. The specific volume 
of perylene is 0.741 cc./g. and that of iodine is 
0.202 cc./g. The broken line indicates the 
specific volume of the binary system assuming 
the additivity of volume. The observed values 
are situated above this line. This indicates 
that complex has the structure with interstices 
where water molecules can not penetrate. 
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However, when the iodine content increases 
up to the composition of Perylene-31I., the 
observed specific volume is 0.340 cc./g.; this 
value is in good agreement with the calculated 
value assuming the additivity law. This indica- 
tes that this complex has the most closed 
packing structure. 


Mole ratio 
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Fig. 4. The specific volume of perylene 
iodine system 


Discussion 


Most organic compounds are electrical insu- 
lators, because the intermolecular coupling is 
so poor that electrons can hardly transfer 
from molecule to molecule, even in the 
electronic excited state. In organic semicon- 
ductors, the activation energy for generating 
charge carriers possesses relatively low values 
(1 eV. or less), whereas the resistivity possesses 
high values (10'~10'' ohm. cm.). However, if, 
in the formation of crystal, the condensation 
of molecules is caused by an interaction such 
as that which is associated with the exchange 
of electrons between molecules, it could be 
expected that those electrons can move through- 
out the crystal lattice. This could result in 
the drift mobility under the applied electrical 
fizid. This is the case of charge transfer 
complex in the solid state. 

In the solid complex, in order to expect the 
conductance, the donor molecules (D) and the 
acceptor molecules (A) should be arranged 
alternately with each other in such a way as 
D-A-D-A---, thus the charge transfer interac- 
tion could be conjugated between neighboring 
molecules throughout the crystal lattice. The 
proposed model for the perylene-iodine complex 
illustrated in Fig. 3 is likely to be reasonable. 

In the case of simple semiconductive com- 
pounds (polycyclic aromatic hydrocarbons), 
the resistivity and also the activation energy for 
generating charge carriers are depending 
markedly on the size of the aromatic molecule 
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However, in the case of the charge transfer 
complex, their semiconductive property is quite 
independent of the size of the hydrocarbon 
molecule, as is seen in Table IV. This implies 
that the charge transfer interaction itself, 
between donors and acceptors, is the principal 
cause for generating mobile electrons which 
can contribute to the electrical conduction. 
The ESR absorption is observed commonly 
in charge transfer complexes and a close 
connection between the unpaired electrons and 
the charge carriers be presumed”. 


TABLE IV. THE SEMICONDUCTIVE DATA 
OF AROMATIC HYDROCARBONS AND 
IODINE COMPLEXES 


Complex Mole ratio Pg ev. 
Perylene-iodine Be Fe 9 0.06 
Perylene-iodine és 10 0.06 
Pyranthrene-iodine ee 20 0.09 
Violanthrene-iodine Be: 13 0.15 


Pure hydrocarbon 

4.0« 10" 2.0 
4.5x10' 1.07 
2.0x10% 0.94 


Perylene 
Pyranthrene 


Violanthrene 


The isotherm for the phase equilibrium of 
perylene-iodine system indicates the formation 
of two sorts of intermolecular compounds which 
have the composition of Perylene-1.51, and 
Perylene-3I. respectively. The investigation of 
the magnetic susceptibility also suggests the 
existence of the compound of Perylene-1.5h. 
However, concerning the electrical property 
almost no difference could be found between 
those two sorts of compounds. These two 
compounds possess not only the same semicon- 
ductive property but also the similar structure 
and almost the same number of unpaired 


8) J. Kommandeur and L. S. Singer, Conference on 
Electronic Conductivity in Organic Solids, Duke Univer- 
sity, April, 1960; D. R. Kearns, G. Tollin and M. Calvin, 
J. Chem. Phys., 32, 1020 (1960). 
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electrons. These facts lead to the assumption 
that when three iodine molecules combine 
with two perylene molecules, not only the 
framework of the crystal structure but also 
the electronic state (for the charge transfer 
type of combination) are completed, and 
almost no further improvement takes place by 
adding the three more iodine molecules. Those 
added iodine molecules can occupy the inter- 
stices in the framework to complete the closed 
packed structure (mainly with non-bonding 
type of combination), but result in no further 
important change in the electronic state for the 
complex formation. 


Summary 


Concerning the solid complex of perylene- 
iodine system, it has been clarified that two 
sorts of molecular addition compounds are 
formed. One has the composition of Perylene- 
1.51, (or 2Perylene-31.) and the other is 
Perylene-3l,. Both complexes are semiconduc- 
tive with low resistivity; the resistivity at 
the room temperature is 9~100hm.cm. and 
the energy gap is 0.06eV. Concerning those 
values, both complexes possess almost the same 
values. Not only the elecrical properties and 
the magnetic properties, but also, both com- 
plexes possess similar crystal structures. To 
explain those facts, the structural units for 
those complexes have been proposed. These 
consist of the conjugation between perylene 
molecules and iodine molecules with the charge 
tranfer type of interaction. 
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Ion-exchange Behavior of Acidic and Basic Amino Acids 


By Manabu SENO and Takeo YAMABI 


(Received December 20, 1960) 


In the preceding paper? the ion-exchange 
behavior of some neutral amino acids was 
described and it was pointed out that amino 
acids are absorbed most predominantly on ion- 
exchange resins in the pH range near the 
isoelectric points of the amino acids. In this 
paper, some experimental results concerning 
the ion-exchange behavior of the acidic and 
the basic amino acid are presented and discussed. 

Experimental 

Glutamic acid was used as an acidic amino acid 
and lysine monohydrochloride as a basic amino 
acid. These dissociation constants pK and isoelec- 
tric points pl are as follows. 
pK, pK;' pK, pk,’ pl 
2.19 4.25 9.67 3.22 
2.18 8.95 10.76 9.70 


Glutamic acid 
Lysine 


pK’s are defined by equations given later. The 
ion-exchange resins used were Amberlite resins, 
IR-120, IRC-50, IRA-400 and IR-4B, the exchange 
capacities of which are 4.24, 10.0, 2.15 and 8.0 
meq./g. dry resin, respectively. 

The experimental procedures were the same as 
those in the preceding paper’. All measurements 
were carried out batchwise; a constant volume 
(50 ml.) of a solution containing a constant amount 
(about 2 mmol.) of an amino acid and being adjusted 
to a desired pH by adding hydrochloric acid or 
sodium hydroxide, was added onto a _ constant 
quantity (about I meq.) of the ion-exchange resin. 
The details are as follows. 


Total H- or OH-form resins 
ad , . wg. (dried) 
Amino acid rent IR IRC IRA IR 
: ie 400 4B 
Glutamic acid 2.09 0.180 0.091 0.344 0.110 
, 


Lysine .13° 0.170 0.097 0.336 0.109 


After being allowed to stand for a few days, which 
were long enough for the attaining of the exchange 


equilibrium, the pH and the remaining amount of 


the amino acid in the solution phase were measured 
and the adsorbed amount of the amino acid was 
estimated. All the experiments were made at room 
temperature, 5~15 °C. 


Results and Discussion 


Experimental results were shown in Figs. 1 
and 2, in which the adsorbed amounts of amino 


1) M. Send and T. Yamabe, This Bulletin, 33, 1532 
(1960). 


acids were plotted against the pH of the 
equilibrium external solution. Like the neutral 
amino acids, the acidic and the basic amino 
acid are adsorbed most intensively at pH 
values close to the isoelectric point and, in the 
lower and the higher pH range, the adsorbed 
amounts of the amino acids decrease sharply 
owing to the competitive adsorption of hydro- 
gen or hydroxyl ions. The amounts of uptake 
of amino acids by sodium- or chloride-form 
strongly dissociated resins are less than those 
by hydrogen-form or hydroxyl-form resins, 
especially in the pH range near the isoelectric 
point. 

The pH dependence of adsorption of amino 
acids is more remarkable and more charac- 
teristic, compared to the case of neutral amino 
acids. As shown already by several investi- 
gators’, glutamic acid is adsorbed predomi- 
nantly on the anion-exchange resins and lysine 
on the cation-exchange resins. Glutamic acid 
is adsorbed very intensively in the limited pH 
range, 3~5, on a weakly basic ion-exchanger, 
IR-4B, while it is well adsorbed in a wider, 
namely, higher pH range in the case of a 
strongly basic ion-exchanger, IRA~400. This is 
owing to the strong affinity of IR 4B to the 
hydroxyl ion. Lysine shows a peculiar be- 
havior, probably because it was used in the 
monohydrochloride form. The resulting solu- 
tion from it is acidic, and sodium hydroxide 
must be added to bring the solution pH to the 
isoelectric point of lysine. The maximum 
adsorption of lysine takes place in pH 2~3 
on IR-120, and in pH 7~9 on IRC-S0. In 
other words, the addition of sodium ions de- 
creases the amount of uptake of lysine on IR 
120 and increases the amount adsorbed on 
IRC-50. This behavior is owing to the strong 
affinity of IRC-50O to the hydrogen ion and 
that of IR-120 to the sodium ion. 

The adsorption mechanism of amino acids 
on the ion-exchange resins was described in 
the preceding paper. That is to say, when the 
amino acid cations are adsorbed on the hydro- 
gen-form cation-exchanger, the hydrogen ions 


2) P. B. Hamilton, “Ion Exchangers in Organic and 
Biochemistry ”’, Ed. by C. Calmon and T. R. K. Kressman, 
Interscience Pub., New York (1957), p. 255. 

3) O. Samuelson, “Ion Exchangers in Analytical Chem- 
istry’, John Wiley & Sons, Inc., New York (1953), p. 210. 
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association of the amino acid to produce the 
amino acid cations. These result in further 


z 


- 


\ exchange of the amino acid cations for the 
\ hydrogen ions. The exchange reaction attains 
1 equilibrium through such a_ repeating process. 

. Similar reactions take place in other systems. 

Relations between the Adsorbed Amount of 

Amino Acids and the pH of the External Solu- 
tion. The dissociation constants of the acidic 

amino acid are given as 


resin 





a 


| are liberated from resins and promote the 
' 
| 
L 
| 


dry 


mmol 


[A+|.f{H*] 
[AH* ] 
sp TAO I 
A+=<"A H K (1) 
[A=] 
[A?-],{H*] 
Zt be 


AB’ - A H 


amounts, 


Adsorbed 


a H K 


where the term arising from activity coefficients 
pH of equil. solution phase is neglected. In a case when the acidic amino 


exchange resins. cation-exchanger, the selectivity coefficient is 
IR-120. H*-form defined as 
+e IRC 50, H*-form : 
CT] IRA 400, OH --forn RH AH* ~” RAH H ) 


|| IR-4B, OH ~-form [AH*],{H*] ; zy 
-x-+ IR-120, Na*-form Ky +1 > 
- IRA-400, Cl--form [AH*],(H*]; 


} 
Fig. 1. Adsorption of glutamic acid on ion- acid is exchanged for hydrogen ions on the 


where [A]. is the concentration of ion A in 
the equilibrium external solution in the unit, 
meq.’ml., and [A], is that in the resin phase 
in the unit, meq. g. dry resin. 
Under the present experimental condition, 
+ that is; (1) the total amount of the amino 
acid in the system is constant, a mmol., (2) the 
amount of the exchangeable ions in the ion- 


————$ ——__—__- —- ——— 


resin 


dry 
a 


exchanger is constant, c meq., c Cw, where C 
is the exchange capacity (meq./g. dry resin) 
of the resin and w is the weight of the resin 
used, and (3) the volume of the external solu- 
tion is constant, vml., the following relation- 
ship holds between the adsorbed amount of 

5 


v 
= 


mmol. 


at the amino acid, [AH*],-», and the hydrogen 


\4 ion concentration in the external solution, 
\\! ha PES 


amounts, 


Adsorbed 


fi xX) 


\ (a -wy)(c -wy) Uw 
» J Ky; | 





a a= a 
ares ‘ 
i is . : x ? 


i of equil. solution phase This formula is similar to that derived on the 


system of neutral amino acids”. 
When the acidic amino acid is adsorbed on } 
the hydroxyl-form anion-exchanger, two species 


Fig. 2 Adsorption of lysine monohydro- 
chloride on ion-exchange resins (Symbols 
are the same as those in Fig. 1). , é ‘ ot ‘ 

A mark * represents for no addition ot of the amino acid anions participate in the 


{ or base. exchange reaction as follows, 


acic 
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ROH + A~ @ RA - OH 


K [A-],;/OH7~] 
""— {A~].{OH>], 
(4) 
2ROH + A*- 2 R.A -- 20H 
A OH 
K's | | }-{ 
[A*-|, (OH 1, 
and the following formulas are derived between 
quantities, [A> ]-—-y:, [A 2y. and [OH ~]. 
- 
la-w(y1+ y)) le—w 2y.)] vw. , 
ee j = 
y hea? 
la w(y1+y2)] [c— wy: = 2¥-)] 
J 
vw’ Ky f(x") 
Kon K»° x 
ox, Ki K1'K2x'? + K, Ki' Kwx'* + K, Kw°x'+K, 
f(x") ger 
K\K,'Kyx 


(5) 


Similar formulas are obtained on the ex- 
change reaction of a basic amino acid such as 
lysine, which dissociates as follows, 


AH.?* <2 AH H 


2([AH*];| 
K [AH*].{H 
[AH 
AM A HH 
[A+].,[H~] (6) 
[AH 
At 2A H 
A’ |.{H 
K! | 
[A+] 
where the selectivity coefficients are defined as 
RH + AH* @ RAH + H 
AH*],{H* 
Ku [ Je 


[AH*|.{H*]; 
2RH AH,’* < R:AH 2H 
[AH,**]-{H*]s 
[AH,**];(H*]- 


The relationship between the quantities, [AH* ] 
y:1, {[AH2?*],-=2y2 and [H*];=x, is 


K' 


; % . r( ? a 

fa -w(y14 y2)] [e-—w y2)) = f(x) 
yy ie 

[a -w(yi+ y2)] [e—w(yi + 2y2)] —— if Fix) 
¥ K's , 

| x? Kix? Ki Kox + Ki KoK.! 
f(x) . ; 
K,x 


(8) 


While, in a case when the basic amino acid 
is adsorbed on the hydroxyl-form anion- 
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exchanger, the simpler relation is derived be- 
tween [A-],;=y and [OH-],= x’, 


(a wy)(c wy) vw 7 
:. - 
y Kou f e) 
F(t) KiKoKolx! + KiKoKwx!? + Kix! + Ke 
vn Ki KoK»'x' 


(9) 


It must be noted that these relationships hold 
for the two-component systems that contain 
hydrogen or hydroxyl ions besides amino acid 
ions. 

f(x) or f(x') Functions.— As described in the 
preceding paper, functions f(x) or f(x’), which 
appear to the right of the above equations, 


/ / 


ff 


— & 
yaany 


> ig 7 as 


log f(x) or log f(x') 








pH 


Fig. 3. f(x) and f(x') of glutamic acid. 
i f(z), 2 Kix 


or log f(x') 


log f(x 
i 





_——s an aw 


0 1 3 4 f , 0 11 12 1 14 


pH 


Fig. 4. f(x) and f(A 
; fix), Bf?) 
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contain only a variable, the solution pH, and 
give the characteristic exchange behavior of 
amino acids. These functions have minimum 
values at the isoelectric points of amino acids 
as shown in Figs. 3 and 4, in which these are 
plotted against pH. At the minimum of these 
functions, the adsorbed amount of amino acids 
is the maximum. This can be shown directly 
by differentiating the above equations. 

The amounts of adsorbed amino acids are 
related inversely to f(x) or f(x’). For example, 
the relation derived from Eq. 3 is 


ac 


: : 
) ; (: 
w(a , Kut x)) 


ac 


»(a c Ku f(x)) 


and the similar equation is obtained from Eq. 
9. In the system where two ionic species of 
amino acids participate in the exchange reac- 
tion, such a simple relation can not be derived 
and, however, when K’ is not much larger 
than K in Eqs. 7 or 8, y: is very small com- 
pared to y; in the pH range near the _ isoelec- 
tric point and the similar relations to Eq. 10 
are derived in these cases. 

This is closely related to the tact that f(x) 
and f(x’) of the acidic and the basic amino 
acid are more strongly dependent on pH than 


(10) 


those of neutral amino acids”, that the ion- 
exchange behavior of the former has more 
remarkable pH effect than that of the latter. 


In passing, it is noticed that the exchange 
reaction takes place in a wider pH range in 
the cases where two ionic species praticipate. 

Ion Species Exchanged.- In order to estimate 
the selectivity coefficients K and K’, the ionic 
species exchanged for hydrogen or hydroxyl 
ions must be discriminated. This requires a 
complicated procedure experimentally’. Hence, 
it is assumed that the same dissociation equilib- 
rium is attained in the resin phase as in the 
solution phase. Then, in the case of an acidic 
amino acid, 


. 2 (11) 
Ky 2([A~],;[OH7], 
and under the present condition the following 
relation is obtained between y; and y», 
K.(c -wyi)y1 
eee (12) 
w(2K>oy + Kw) 


4) In order to discriminate ionic species of adsorbed 
amino acids experimentally, the adsorbed amount must be 
measured in the two units, mole and equivalent number. 
The molar quantity was measured in this experiment and 
the equivalent quantity will be obtained by knowing the 
contents of hydrogen or hydroxyl ions in the ion-exchange 
resin in equilibrium in an appropriate way. 


Manabu SENO and Takeo YAMABE 
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Putting Ep. 12 into Eq. 5, Ky and K,,’ are 
estimated at least in principle, if the amount 
(in mole) of adsorbed amino acids is known. 

A similar relation is derived as that for a 
basic amino acid. The relation 


2(AH*]-(H7*],. 
K, (13 
| [AH."*], ; 
is assumed and the following formula is ob- 
tained. 
(c -wy,)¥: 
eee (14 
w(K 2y1) 
It might be reasonably expected that these 


relations are valid for strongly dissociated ion- 
exchangers. In the case of weakly dissociated 
ion-exchangers, these relations are not always 
satisfied, because all the ions exchanged are 
not in the dissociated state». 

From Eq. 12 or 14 and the known quantities, 
the numerical relation between y,; and y. can 
estimated and the mole ratio of monovalent 
amino acid ion to all the exchanged amino 
acid ions in the resin phase, y:/(yi+ y.), is 
shown against the total amino acid ions ex- 
changes in mole in Fig. 5. Using this diagram 





¥i+y2, mmol./g. 


dry resin 

Fig. 5. Fraction of ionic species of amino 
acids in ion-exchange resins. 
I Glutamic acid-IRA-400, II lysine-IR 
120, c; and cz are the exchange capacities 
of IRA-400 and IR-120, respectively. 


and the experimental data shown in Figs. 1 
and 2, the adsorbed amino acids can be dis- 
criminated into two ionic species, mono- and 
di-valent ions. The result is given in Fig. 6. 


It is shown by differentiating Eg. 12 that, 
when y; has the following value 
1/ /( Ks K K, 

y (vq ) <-> ) (15) 


y» has a maximum value 


5) These relations can be extended to this case by 
assuming that the exchange capacity C is a variable which 
depends on the dissociation constants of the exchange 
sites combined with various ions adsorbed on the resins. 
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dry resin 


g. 


Adsorbed amounts, mmol. 
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pH of equil. solution phase 


Glutamic acid-IRA-400, - 


e-“ 


resin 


d ry 


g. 


mmol. 


Adsorbed amounts, 


> Fs 3 


3 


4 


total 


J 


(A 


6 


7 


A 


A- 





8 


pH of equil. solution phase 
Lysine-IR~-120, 


total 


(AH*- 


- AH*, 


AH.**) 


Fig. 6. Tonic species of amino acids 
on ion-exchange resins. 


Putting these values into the second 


of Eq. 5, it is shown that y 


value when 


fix") 


K'on 


(« 


j 


has 


a 


) 


AH, 


adsorbed 


(16) 


equation 
maximum 


(17) 


In the case of glutamic acid-Amberlite IRA 
400, using the known values and the value of 
K'oun obtained in the next section, Eq. 17 
becomes 


J(x"} =227x 


This value corresponds to pH 7.4. 
A similar relation is derived in the case of 
lysine-Amberlite IR-120. The value of y. is 


maximum when 
| 
4 


f(x) Ku’ . (18) 


1.48 x 10 


This corresponds to pH 2.0. All the values 
explain well the experimental results presented 
in this paper. 

Selectivity Coefficient... The selectivity coef- 
ficients were estimated from the above-men- 
tioned experimental data, using Eqs. 3, 5, 8 
and 9, with Eqs. 12 and 14. The latter equa- 
tions can not be successfully applied to the 
cases Of weakly dissociated resins. On this 
account, the selectivity coefficients in the 
systems, glutamic acid-IR-4B and _ lysine-IRC 
50, can be obtained immediately. However, as 
revealed in the systems, glutamic acid-IRA- 400 
and lysine-IR-120, monovalent amino acid ions 
play the predominant role in the pH range 
close to the isoelectric point and divalent 
amino acid ions contribute predominantly to 
the ion-exchange in the pH-range for from the 
isoelectric point. It may be safely assumed 
that similar reactions take place also in systems 
of weakly dissociated ion exchangers. The 
selectivity coefficients thus obtained are given 
in Table I. 


TABLE I. SELECTIVITY COEFFICIENTS 
Glutamic acid Lysine 


log Ky log K'y log Kon log A ‘ou 


IR-120 0.23 1.81 1.62 

IRC-50 2.43 5.83 3.14 
log Kon log K'on log Kon log K'on 

IRA-400 3.32 6.82 3.99 

IR-4B 8.08 3.38 

6) In this calculation, it happens that c—w(y;+2y.) 


equals nearly zero Then, the following formulas derived 
from Eqs. 12 and 14 are used. 


c—wy) +2y2) . (glutamic acid-IR A-400) 
2K) K 
Ki wy) 
(lysine-IR-120) 
K, +2) 
7) This situation is verified by the variation of the 
ionic species of amino acids due to the pH change. The 


predominant ionic species in solutions with various pH’'s 


are as follows. 


pH 2.2 4.3 9.7 
Glutamic acid AH* A+ A A 

pH 2.2 9.0 10.8 
Lysine AH AH* A+ A 
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In general, Kis of the amino acids are larger 
than Kou’s. Ky or Kon in the case of the 
weakly dissociated resins is rather small. This 
is OWing to their strong affinity to hydrogen 
or hydroxyl ions and it is clear from Figs. 1 
and 2 that IRC-50 of sodium-form or IR-4B 
of chloride-form has a strong affinity to amino 
acids. 


Summary 


The ion-exchange behavior of the acidic and 
the basic amino acids was described and dis- 


cussed. The maximum uptake of amino acids 
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takes place in the pH range close to the iso- 
electric points and the pH effect is more 
remarkable and more characteristic, in com- 
parison with the case of neutral amino acids. 
Theoretical treatment on ion-exchange equilib- 
ria, which takes account of the dissociation 
equilibria of amino acids, explains well the 
experimental results and the selectivity coef- 
ficients were estimated herefrom. 


The Institute of Industrial Science 
The University of Tokyo 
Yayoi-cho, Chiba 


Photoreduction of Acridine in Deaerated and Aerated 
Ethanol Solutions 


By Shunji Kato, Shigekazu MINAGAWA and Masao KoiIzuMt! 


(Received December 26, 1960) 


Photochemical reaction of acridine was 
studied recently by several workers'~~. Ac- 
cording to Zanker, the solution of acridine in 
ethanol when irradiated by ultraviolet light, 
yields diacridane in case when the concentration 
is above 10~°mM; this was confirmed by means 
of infrared spectrum and polarography. Zanker’s 
result was reconfirmed by Kellman”. Zanker 
further found that when the concentration of 
acridine is below 10°°M, the photoproduct 
consists mainly of acridane. 

Zanker’s remark that he studied the reaction 
under the presence of dissolved oxygen attracted 
much of our attention, because we formerly 
found that the photochemical reduction of eosine 
dissolved in ethanol is completely suppressed 
by the presence of a very small quantity of 
oxygen”. Nothing, however, is described in 
Zanker’s paper about the effect of oxygen on 
the reaction. We made some preliminary in- 
vestigations on this problem. 

Although our experiments were done only 
under the limited condition, the results obtained 
are so specific that they seem to be very im- 


1) V. Zanker and P. Schmid, Z. physih 
(1958) 

2) V. Zanker and P. Schmid, Ber. 92, 2210 (1959) 

3) A. Kellman, J. de Chemie phys., 56, 574 (1959). 

4) A. Kellman, ibid., 57, 1 (1960) 

5) N. Ivanoff, ibid., 55, 786 (1958) 


Chem., 17, 11 


6) V. Zanker and F. Mader, Ber., 93, 850 (1960 
7) M. Imamura and Koizumi, This Bulletin, 29, 899 
(1956). 


portant for elucidating the mechanism of the 
reaction. At least the results must be taken 
into account in order to give a correct descrip- 
tion of the photochemical behavior of acridine 
in ethanol. Therefore, it is worth while to 
report, as we believe, the results obtained and 
some deductions based on them. 


Experimental 
Sample.--Tokyo Kasei’s acridine was recrystallized 
twice from the water-ethanol mixture (3:2 in 


volume ratio). Wako Junyaku’s ethanol (G. R.) was 
used without further purification. 

Procedure of Degassing.—In order to exclude 
the air from the solution, the following procedure 
was employed. The sample solution was put into 
B (Fig. 1) and was evacuated by a diffusion pump 
through a trap A dipped in liquid air. Most of 
the dissolved air was eliminated during the distilla- 


Fig. 1. The degassing apparatus 
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tion of the solvent from B to A. When all the 
solvent went to A, tap F was closed and the solvent 
was distilled back from A to B, dipping B in liquid 
air. The above procedure was repeated. 

In Fig. 1, C is the reaction cell (1x1 
ind D is the inlet of sample solution. 

The above procedure is superior to repeated dis- 
tillation in a closed system since it requires far 
less time for the satisfactory degassing. The loss 
»f the solvent is negligible. 

Apparatus. The apparatus is shown in Fig. 2. 


4cm.) 





&nuef 


— 


F, S, 


Fig. 2. Diagram of the apparatus of the 

reaction. 

L: Mazda super-high-press. Hg 
SHL-100 UV 

J,: Glass cylinder 

J.: Brass cylinder which contains a 
photeelectric cell and an amplifier 
set up in a unit 

P: Photoelectric cell of Mazda 27211 

F,, Fs: Filter of Hoya U-2, transmitting 
chiefly the light near 360 my 

F.: Frosted glass 

C,: Reaction cell 


lamp 


C,: Cell containing pure solvent as a 
reference 
S,, Se Shutter 


The illuminating light is comparatively pure mono- 
chromatic light of 365my. The electric 
supplied from VOLCO-HT high-grade 
voltage stabilizer. 

The reaction is followed by the change of optical 
density at 365my, the reading of the meter being 
carried out during the course of the reaction. 

Quantum Yield.—-Quantum yield was determined 
by potassium ferri-oxalate actinometer. 


source 1S 


automatic 


Results 


Comparison of Aerated and _  Deaerated 
Solutions.-- The experiments were done with the 
solution of acridine 1*10°>'M in ethanol dis- 
solving various amounts of oxygen from air- 
saturation to complete degassing. In order to 
check the effect of a small quantity of water 
contained in alcohol, the reaction 
with the solution containing various amounts 
of water and it was established that a small 
amount of water does not affect essentially the 
rate of the reaction. Hence the alcohol em- 


was tried 
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ployed was not particularly dehydrated by any 
chemical method. 

In case the rate of the disappearance of 
acridine is proportional to the light absorption, 
the relation 


de kl 
dt d 
must hold, where E 


tion of acridine, a 
at 365 m/. 


(1—e~*) x 1000 (a) 

acd, c is the concentra- 
the absorption coefficient 
Integrating, one obtains 


In(e”” -1)-—-In(e# 1) -1000 kal t (b) 


Hence In(e” —1), when plotted against ¢, must 
give a straight line with the inclination of 
1000kaIh, which gives the relative rate of the 
reaction. The experimental results satisfy the 
above relation very satisfactorily as shown in 
Fig. 3, for both the air-saturated and the de- 
aerated solution. It is seen from these results 
that the rate in the aerated solution is about 
one-third of that in the deaerated solution. 
The absorption spectra of the solution were 





t \\ \ 


< 100 sec > 


Fig. 3. Plots of In(e”—1) vs. 
typical decay. 
point out the 
Table I. 


time for 
The numbers in the figure 
experimental number in 


examined immediately after the reaction, and 
it was found that there is no difference in the 
two cases, aerated and deaerated, and they are 
quite the same as the one reported by Zanker. 
Thus it can safely be concluded that the re- 
ductive photochemical reaction can occur even 
in the presence of oxygen. This is somewhat 
surprising and is in sharp contrast to the case 
of eosine in ethanol solution. 

The Effect of Oxygen Concentration. 
the concentration of the 
below a certain value, In(e” 1)~r relation 
shows quite a sharp breaking point at a 
certain point and the inclination of the 
preceeding the breaking point is almost equal 
to that of the air-saturated solution, while 
the one after the breaking point is approximately 
equal to that for the evacuated solution. It was 
found that the length of the initial part with 


When 
dissolved oxygen is 


line 
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smaller inclination becomes shortened with the 
decrease of oxygen concentration and yet the 
inclination itself remains practically constant 
irrespective of the oxygen concentration. 
Typical results are shown in Fig. 3 and the 
complete data are given in Table I. 

Tasncte |.) THe EFFECT OF OXYGEN CONCENTRA- 

ITON LCPON THE RATE OF THE PHOTOCHEMICAI 


REACTION OF ACRIDINE 
| Acridine] —1%“10 4m 


a nl s — kal, ~ 10° sec 
13 0 13.3 2.28 
19 0 25.0 2.16 
20 0 25.0 2.38 
21 3.63 18.8 0.78 
fe 7.75 14.5 0.86 
14 air-saturation 13.0 0.73 
18 4 25.0 0.70 

Average 0.77 Fe a 

Before After 

breaking breaking 
point point 
] 0.336 16.3 1.02 1.99 
9 0.340 19.3 0.83 2.06 
2 0.465 19.3 0.83 2.16 
x 0.460 21.4 0.78 1.82 
10 0.600 17.0 0.96 1.91 
3 0.656 20.7 0.86 pm Fs 
15 0.720 is.2 0.78 1.76 
1! 0.740 18.3 0.73 2.06 
“+ 0.919 18.6 0.83 1.76 
12 0.920 22.9 0.78 2.01 
17 0.985 13.7 0.78 1.76 
Average 0.85 1.95 


Although the reproducibility is not so good, 
it is apparent that the rate before the breaking 
point is, on the average, about one third of 
that for the deaerated solution and that the 
rate after breaking point is approximately 
equal to that of the deaerated solution. 

Further, the results in Table I seem to indi- 
cate that the rate of reaction is not so much 
dependent upon temperature, whether oxygen 
is present or not. To confirm this, the reaction 
rate of the evacuated solution was investigated 
in the wider range of temperature. The results 


Tasple Hl. THE EFFECT OF TEMPERATURE ON THI 


RATE FOR THE DEGASSED SOLUTION OF ACRIDINE 
{| Acridine] -0.7» 10° 4M 
Temp., Cc kal 10 sec 1 

Pa 2.28 Average 
1.90 2.09 

35 2.16 
243 2.14 

45 Beal 
1.93 2.10 
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shown in Table II establish quite definitely the 
temperature independence of the rate in the 
degassed solution. 

From the above results, it can be said that 
the rate is about one third of the deaerated 
solution as long as a very small amount of 
oxygen is present in the solution and that the 
oxygen is exhausted near the crossing point of 
the two linear parts, whence the rate gets the 
value of the degassed solution. 

To confirm this further, the following ex- 
periment was performed using a special reaction 
cell. The volume of the upper part, i.e. the 
gaseous part of the cell was increased about 
three times to that of the liquid part. The 
area of the liquid surface was so small that 
the dissolution of oxygen during the course of 
the reaction, would be neglected in view of a 
rather rapid rate of the reaction. Now, if the 
solution of acridine in ethanol containing a 
proper amount of oxygen is irradiated in such 
a cell, one would expect the breaking point 
to appear after a certain time interval 
when the oxygen in the liquid phase is con- 
sumed. Furthermore one would expect that 
if one shakes the cell at this stage in order to 
bring on a new equilibrium of dissolution 
between gaseous and liquid phase, and then 
continue to irradiate the solution again, the 
rate would fall down to the original value and 
another breaking point would once more appear 
after a certain time. These expectations were 
in fact realized as shown in Fig. 4. 

Thus one can conclude with much confidence 
that in the presence of oxygen the reduction 
of acridine and the consumption of oxygen takes 
place simultaneously and that the latter process 
is intimately connected with the recovery of 
acridine from a certain transient intermediate. 

The decrease of acridine concentration during 
the consumption of dissolved oxygen can easily 


0 Wis 
| ie a \ 
— } 
= XA 
\ 
- ON 
0 he. 
» ie ; 
= \o 
— 10 \ 
3 X 
100 200 
sec. 


Fig. 4. A decay curve in the special cell. 
At the time A, dissolved oxygen would 
exhausted. At B, the cell was shaken 
and oxygen was introduced into the liquid 
phase, then at C it would be exhausted 
again. 

[O.] =0.912* 10° 4m (35.0 mmHg), 18 C, 
Co=1x10-4* m 


SS  — 
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Fig. 5. Plots of the decrease of acridine 

concentration before the breaking point 

of the decay curve, vs. the initial concen- 

tration of dissolved oxygen. 
be evaluated and this is plotted in Fig. 5 
against the concentration of oxygen dissolved 
in the solution. Since the initial concentration 
of acridine obtained from the optical density 
is always a little less than 1*«10~'M, the con- 
centration of the prepared solution, the latter 
was used, though somewhat arbitarily, instead 
of the former. 

There is an appreciable scattering of the 

points, but it is evident that the ratio (con- 
sumed oxygen): (reduced acridine) lies near 
ack, 
Quantum Yield.--The light intensity entering 
into the solution was measured to be 0.156 x 
10>‘ msec~! cm Since a@ is 1.1410* at 365 
mt, from the value of kal,, the quantum 
yield for the deaerated solution was found to 
be about 0.13. 


Discussion 


The plausible scheme for the deaerated solu- 
tion may be pictured as follows 


Aihy > A* 

A*}RH: - AH: RH- (0) 
AH-+RH- >» AHR (1) 
AH-+RH- » A. RH (2) 
AH-+AH- — AH,-—A (3) 
RH-+RH- » HR RH orR- RH. (4) 


where A, RH», R are acridine, ethanol, acetal- 
dehyde respectively and A* denotes the excited 
Singlet or triplet state as the case may be. 
The above scheme is essentially the same as 
that of Kellman except that it involves the 
recovery of A and RH. (process 2). 
At first, let us consider the molecular species 
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X which oxygen attacks. Since the rate of the 
reaction is independent of the concentration 
of oxygen unless it is too low, the rate with 
which oxygen attacks X should be much 
faster than the rate with which X disappears 
in the deaerated solution. Supposing that the 
diffusion of oxygen is the rate-determining 
step of the reaction between O» and X, as is 
plausible, the experimental result that the rate 
is independent of oxygen concentration above 
10-°m leads to the conclusion that the life of 
X in the deaerated condition is ~10~° sec. or 
more. Hence X can not be the singlet excited 
state. We have found that the fluorescence of 
acridine is not quenched appreciably by oxygen 
and this discovery also supports the above 
conclusion. 

If X is triplet, then the formation of molecu- 
lar associate X---O. analogous to the inter- 
mediate of the Schenck’s scheme might be 
conceivable, but it is difficult to interpret the 
reductive reaction on this basis. 

The possibility that T-state is quenched 
partially by oxygen depending on its concentra- 
tion can of course be rejected on the ground 
that the rate is independent on the concentra- 
tion of oxygen. Thus it is most plausible to 
assume that oxygen attacks the semi-reduced 
form of A produced by the process 0. In case 
of reductive photobleaching of eosine in 
ethanol, this process really takes place very 
rapidly*. In that case, however, the reaction 
was completely suppressed by a very small 
quantity of oxygen and the following scheme 
could account for the experimental results’. 


DH: +O. — D+HO:,- 


RH- +O. -» RH::-O 

HO.- + HO.- -» H,O.+0 

RH---O. + RH---O. -» 2 Acid + H-O 
RH---O.+ HO.- ~» H,.O,+aldehyde + O 


But in the present case where acridine is 
reduced even in high oxygen concentration, 
one can not interpret the formation of acridan 
in any way by a single process in which oxygen 
attacks AH-. This leads to the assumption 
that some other intermediate such as AH---O 
be produced and some of them go back to A 
and the remainder turns into AH, through a 
bimolecular reaction. Perhaps AH---O. may 
have its hydrogen attached to nitrogen, and the 
oxygen loosely combined with 9-carbon. 

Now the scheme should further account for 
the following three experimental results. 


8) G. O. Schenck, Naturwissenschaften, 4, 212 (1953) 
From the results of the flash experiment, it is not 
proper to say that oxygen attacks only semiquinone. 
See Ref. 9. 
9) S. Kato et al., This Bulletin, 33, 262 (1960). 
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ja] The rate of the reaction is proportional 
to the rate of light absorption for both the 
aerated and the deaerated condition. 

[b] The rate in the aerated solution is 
about one third of that in the deaerated solu- 
tion. 

{Ic} The ratio of consumed oxygen to the 
reduced acridine ( -7) is about 2. 

Now in the deareated condition one can 
easily derive the following equation by means 
of steady state method 


d{|A] d{AHo]  Ohis(ki + V kaks) 
dt dt ky + ko+ 2Vksk 
}Bfay (a) 
2 k V k ky 
Ok ke + kok 


where @ is the quantum yield of the formation 
of AH- and RH-, and ki, ks, ks and ky are 
respectively the rate constants of the processes 
l, 2, 3 and 4. 
Assuming the 


formation of AH---O. and 


RH---O:, the following processes may be con- 

ceivable for the aerated solution. 
AH: +O, AH::-O (5) 
RH- : O» RH-:-O (5') 
2AH::-O2 -» AH2+A+20 (6) 
AH::-O, -» A+ HO,- (7a) 
2RH:-:-O, -> 2 Acid+H.2O (8) 
AH::-O2+RH-:-O. -» AH.+R+20 (9) 
AH-::-O, + RH-:-O, A+R-+H202+0O, (10) 
AH::-O2+ RH---O. — A+RH>-++20 (11) 


reaction 5 is 
2 and 3 can be 


In the presence of oxygen the 
so fast that the reactions 1, 
neglected. 

To simplify the discussion, only the following 
two extreme cases will be considered. 

Case I.-- When AH-:-O, disappears mainly 
through the reactions 6 and 7a, the reaction 8 
must take place accompanied by them. If so, 
the formation of acridane would not be simply 
proportional to the rate of light absorption, 
because the process 7a is a first order reaction 
concerning [AH-:--O.] while 6 is a second order 
one. This contradicts the experimental result 
[a]. Hence, the reaction 7a should be replaced 


2AH::-O, -> 2A+H,02.+0O (7) 


by a bimolecular reaction and the steady state 
method leads to the following expression. 


d{A] d{AH.] kK Oly 
(b) 
dt dt 2(ke + k-) 
d[O.| Olnys(2k 3k-) 
(c) 


dt 2(ks + kz) 
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Thus the result [b] requires 
k z 

(d 

2keik:) 7 a 


while 7 can be expressed as, 


d(O.|/dt (2k; -; 3k:) 


7 2+3k:/ke (e) 
‘ — d[A] /d¢ k, 
From d and e the following relation holds, 
7 =4.5/8-1 
Since 3 is smaller than unit, 7 should be 


greater than 3.5. Thus 7 does not satisfy the 
result [c] and we can safely reject this case. 

Case II1.—When 9, 10 and 11 are the main 
reactions, the steady state method leads to the 
following expression 


d[A] /dt =d[AH)>]/dt = @Igy.ka/(ks +kio + kui) 
d [O2] /dt= Olayckio (ky +k ky) 
The result [b] requires that 
ko/ (ks +k ki) = 8/3 (f) 
and 7 is given as follows from the result [c] 
¢=k1y/ky=2 (g) 
From f and g 
kiu1/ko=3/8—3 (h) 


Then, this ratio is shown for some values of 


i?s 


8 1 O8 06 O05 04 03 
ki1/ks 0 0.75 2 3 45 7 


The independence of @ and § on tempera- 
ture in the deaerated solution strongly suggests 
that the process 1 or 3 only prevails and the 
process 2 does not occur appreciably. If one 
excludes 2, then the value of § is limited from 
1 to 1/2. The higher limit corresponds io the 
case in which reaction | prevails and the lower 
to the case in which reaction 3 is a chief one. 
In view of the fact that dimerization does not 
occur in diluted solution, reaction 1 seems to 
be more desirable than 3. Then the only 
possible case will be the Case IJ in which 3 
1, k:; -0. In connection with this scheme, it 
is to be added that there is another possibility 
in which a certain type of radical complex 
AH::-RH with an appreciable life is formed 
and it is attacked by oxygen decomposing in 
three different ways; 

1) AH::-RH-O. » A~ RH,{O 

2) AH::-RH. O A-R+H.O 

3) AH::-RH-~ O. -» AH. R}O 
This case is quite analogous to the above case 
at least kinetically. 

Of course further 
to substantiate the 


investigations are needed 
above deduction and to 


_— 
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decide the scheme unequivocally. Perhaps the 
flash technique will be most helpfull. 


Summary 


1. The deaerated solution of acridine 1 x 
10-*m in ethanol, when irradiated by 365 my 
produces acridane with a quantum yield of 
about 0.13. This reductive reaction can pro- 
ceed even in the air-saturated solution with the 
rate about one third of that of the deaerated 
solution. For both cases the rate is simply 
proportional to the absorption of light. 

2. When the concentration of dissolved 
oxygen is more than about twice that of 
acridine concentration, the rate of the reaction 
is approximately equal to that of the air- 
saturated solution independent of the oxygen 
concentration, and at the same time oxygen is 
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consumed at the rate about twice as great as 
that of the reduction of acridine. Hence, 
when the existent oxygen is exhausted, the rate 
gains the value of the deaerated solution. 

3. All the above results are almost entirely 
independent of temperature. 

4. A possible scheme was proposed in which 
a certain type of intermediate is formed be- 
tween semireduced acridine and oxygen and, 
from this intermediate acridine is partially 
recovered accompanied with the consumption 
of oxygen and, in competition with this, acri- 
dane is poduced, both by a bimolecular process. 
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Electronic Structure of Benzyl Radical’ 


By Yuji Mori 


(Received December 12, 1960) 


The electronic spectrum of benzyl radical’: 


has been investigated theoretically by the 
methods of MO‘'-® and VB”. However, there 
is no theoretical interpretation of the correla- 
tion between the electronic structures of benzyl 
radical and of benzene. The purpose of the 
present paper is to show the electronic struc- 
ture of benzyl radical in correlation with that 
of benzene. 

The singlet states of benzene correlate with 
the doublet states of benzyl radical and the 
triplet states of benzene correlate with the 
doublet and quartet states of benzyl radical. 
Therefore, it is expected that the lowest triplet 
level °B,, of the benzene ring will be lowered 
by the interaction between z-electrons of the 
benzene ring and methylene radical and that 
this will give rise to the lowest excited state 
B. of benzyl radical. 


1) Y. Mori, J. Chem. Phys., 24, 1253 (1956 
2) H. Schiler, Z. Naturforsch., A10, 559 (1955 


3) G. Porter and J. Norman, Nature, 174, 508 (1954); J 
Norman and G. Porter, Pro Roy. Soc., A230, 399 (1955) : 
G. Porter and F. J. Wright, Trans. Faraday Soc., 51, 1469 
(1955) 


4) H. C. Longuet-Higgins and J. A. Pople, Proc. Phys. 
Soc., A68, 591 (1955). 

5) C. Komatsu, Y. Mori and I. Tanaka, J. Chem. So 
Japan, Pure Chem. Sec. (Nippon Kagaku Zasshi), 77, 643 
(1956). 

6) W. Bingel, 7. Naturforsch., Al10, 462 (1955). 





In view of this, a simpie calculation is carried 
out by using an approximation that the wave 
function of benzyl! radical can be expressed in 
terms of the z-electron wave function of the 
benzene ring and that of the methylene group 
(CH,). 


Method of Caluculation 


The method of calculation is similar to the 
method of composite systems presented by 
London», by Longuet-Higgins and Murrell 
and by the present author”. 


The molecular orbital of the benzene ring is 
©1(v)=V 6 » exp[—2zil(¢—1) /6] ZX. (v) 
where /=0, +1, +2, 3 and Z.(v) is the 2Pz 


AO of the ¢th carbon atom in the benzene 
ring. At the carbon atom | the hydrogen atom 
is substituted by CH. and the 2Pz orbital of 
CH» is represented by Z;(»). 

The wave functions oe the benzene ring are, 
with an obvious abbreviation, 


7) A. London, J. ( Phys., 13. 396 (1945 
H. C. Longuet-Higgins and J. N. Murrell, Proc. / 
Soc., A68, 601 (1955) 
9) Y. Mori, This Bullet 28, 291 (1955 
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The unperturbed 


radical are given in Table 1, 
the eigenfunctions of the 


component S, 


I 


l 
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TaBLe I. THE UNPERTURBED WAVE FUNCTIONS 
(3) (4)e_,(5)E_,(6) OF BENZYL RADICAL 
| a) Doublet configurations (M 1/2 
B, ; 
V; ©’) 
1 +2 Vs —\Qo-% 
2|+/00-1-0+41-2 Fa=V 3S Ligtste%z'—V 2 [3-271] 
+ Ts (4°27 
7 W.=V 3 []h59-%71—-V 2 | d,>-¥01] 
A 
m 
l | --2 y ahr 
2|+|00 —1 —1+1—2 F,=V 3 [ce Z V2 |e Z;'] 
> ve 6+ 2; 
a Wyo=V 3“  [hg8-%7'—V 2 [oo”- 271] 
“ b) Quartet configurations (M 3/2) 
= +B. ; 
V9 =|h5-% 
| i Fi lqh5+ 2; 
‘As; 
, 7 ” 
Z 00 1 l 1 +2 Fi2=|02-%; 
? V 13 lqg0-Z 
i 3 * Z; is the 2Pz orbital of CH:. 


2}-|00 -1 -Ti1+2 ee 
In order to simplify the procedure of calcu- 


lation, the following assumption will be used. 
Namely, all of the interactions between the 
= es. benzene ring and the CH» group are ignored 
a oe ee ee except only that by exchange of z-electrons. 
. = Though this is very crude and theoretically 
2 insufficient, this will not be unacceptable be- 
= cause the perturbation by the odd electron in 
the z-orbital of the CH» group is not so large 
: that this assumption causes serious error in 
1—i -—2 the results. 
7-100 1-1-2122 Neglecting non-neighbors, the interaction by 
" electron exchange can be written 
, a, oe Jfew- (1) HZ; ) em Cr )dzrdzz 
2)} |/0HOm|\ 
I 6 | fzi()z (")HZ-(1) 24,01) deride, 
1 +2 — 
2\~06 —1 -8 +1 -2 a/@ (1) 
5 where a is the exchange energy in the VB 
le theory and H is the complete electronic 
Hamiltonian. The value of the interaction 
4-1 +2 integral is evaluated to be 0.32eV. taking 
2) 100-1 -T +12 the value of a as 1.92eV. as suggested by 
Sklar’? and Craig 
[1.2 Results 
2 The numerical values of the matrix elements 
. . are shown in Table Il. In evaluating the dia- 
wave functions of benzyl ; 
: gonal matrix elements the energy levels of 
where those are - 
: opermers of spin 10) A. L. Sklar, J. Chem. Phys., 5, 669 (1937). 
and total spin S. 11) D. P. Craig, Proc. Roy. Soc., A200, 399 (1950). 
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benzene which were given by Pariser’ have 
been used. In Table IIIf the calculated energy 
levels of the benzyl radical are shown as the 
roots of the secular determinants, relative to 
the energy of the ground state. 


TABLE I]. THE VALUES OF H (eV.) 


He. Hy, 5.9595 H, 0.32 
H;; H,, 2.9495 H,; — —0.5543 
Hays H;, 6.7595 i - oa 
H;; H;; 3.5095 H, 0.5543 

Me. Ma =@ 
Hig —H;;-- 4.7095 H., 0 
H;; H:;— 4.0695 H.,=Hs,=0 
Hy; H;, -6.7595 H 0.64 
Hoy H.,— 3.5095 

He: = Hy —0 
Hy.» Hy, 3.9095 Hy,— 0.32 
His: Hy, ~ 4.4695 Hoy  — 0.5543 

H;,— —0.5543 
Hiei. Hy, ~5.0295 H:,— 0.32 
H, H,, -4.4695 

eee 

is 0.22 


The calculated wave functions of the ground 
States, ~B. (ground state), 
(3.42 eV.) are; 


and lower excited 
“B. (2.99 eV.) and “A 


ground state (-B.) 


MP, 0.96127, —0.0495¥.,- 0.20187 
0.04397, 0.17617 
excited states 
(7B. ; 2.99 eV.) 
, 0.26257; 0.02617. -0.82597 (2) 
0.02097, 0.49787 
(Az; 3.42 eV.) 
DP, 0.32977; 0.35997. -0.0849¥ 


0.86867. 


Since all of the dipole matrix elements 


eq ef *S q() UV dV 


are zero except for eg;, and eg,s'*, the moments 
of the transitions from the ground state to @ 
and @,; are 


eO.. e fo 4 


0.008 56eq 


S g())@.dv 


(3) 
eQ e fo Satroav 
0.08 l6eq 
12 R. Pariser. J. Chem. Ph 24, 250 (1956) 
13) edi, and ce are those of the transitions ‘A f 


of benzene, 
\qy q R=1.39A, 
where R is the C-C bond-length in benzene ring 
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TABLE TI]. THE ENERGY LEVELS OF BENZYI 
RADICAL 


Energy, eV. 


State 
Calculated Observed 
“Be 
B 2.99 2.8 
A 3.42 
*B, 4.01 
B 4.18 4.0 
“A, 4.33 
4A 4.57 
‘B 4.86 
2A 5.13 
4A, 5.42 
-B 6.23 
“Be 7.02 
A. 7.17 


By using the calculated wavelengths for these 
transitions, the oscillator strength are given 


f 3.7 x 10 
(4) 
f 3.8 x 10 ) 
Discussion 


The emission spectrum of benzyl radical has 
a band which was observed by Schiiler”’ at 
about 4500A. This will arise from the transi- 
tion between the ground state and the lowest 
excited state °B.(2.99eV.). However, no ab- 
sorption band which corresponds to this transi- 
tion has been observed. The result that the 
bands arising from the lower excited states of 
benzyl radical will have very weak intensities 
will serve as an interpretation for this experi- 
mental result. By a similar consideration it 
will be explained that the band arising from 
the transition to °A.(3.42eV.) has not been 
observed. 

It is seen that the lower excited states of 
benzyl radical, *B,(2.99eV.) and °A,(3.42 eV.), 
have the character of the triplet states of ben- 
zene. Then the oscillator strengths are due to 
the degrees of contributions from V,; or ¥ 
which have the components of 'E;, of benzene. 
Therefore the transitions from the ground state 
to these excited states are almost forbidden 
though these are allowed by selection rule. 

The small oscillator strengths to the lower 
levels were suggested by Longuet- 
Higgins’ and Bingel’ in terms of molecular 
orbital theory. The results of the present paper, 
however, differ from those by molecular orbital 
the order of the positions of 
energy levels. In the present paper, the lowest 
excited state is °B.(2.99eV.). This is incon- 
sistent with the prediction by the other calcu- 
lations’ that the lowest excited state of benzyl 
radical will be *A». This discrepancy arises, 


excited 


calculations in 
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TABLE IV. THE ESTIMATED LOWEST EXCITED STATES OF RADICALS 


Radical JE(T—N), eV. 
Allyl 5.788 
Pentadienyl 3.92» 
Benzyl 3.59 
Triphenylmethy! 3.59 
«-Naphthylmethyl 2.16¢ 
3-Naphthylmethy! 2.16 


Excitation 


P=lCat ft 21Cerf-a, eV. ae oe 
0.5 1.92 3.86 
0.3618 b-39 te 
0.1667 0.64 2ie0 
0.16672 0.64" 2.954 
0.1809 0.69 1.47 
0.0691' 0.27 1.89 


a R.G. Parr and R. Pariser, J. Chem. Pnys., 23, 711 (19 


b R. Pariser and R. G. Parr, J. Chem. Phys.. 


DS). 
21, 767 (1953). 


c Calculated by the simple LCAO-MO method. 


d See Appendix. 


e R. Pariser, J. Chem. Phys., 24, 250 (1956). 


in some degree, from the difference of con- 
figuration interactions included in the calcula- 
tions. In the present treatment the first order 
configuration interaction is that between the 
locally excited configurations in the benzene 
ring. The first order configuration interaction 
in molecular orbital treatment has the character 
of interaction between the electron transfer 
configurations between the benzene ring and 
the methylene group. 

The assignment of the excited state which 
will give rise to the absorption band” at 
3100A is uncertain, since there are two excited 
levels in the vicinity of 4eV., °B.(4.18 eV.) 
and °A.(4.33 eV.). 

The intensities of the bands arising from the 
higher excited states will be more intense than 
those of the lower ones, because larger contri- 
butions from the configurations /, and Vs are 
expected. 

Though the present treatment showed satis- 
factory results, it is difficult to undertake a 
more precise quantitative discussion concerning 
the energy levels and the intensities of the 
bands, because of the assumption that the effect 
of interaction by electron transfer is completely 
neglected. Therefore, the treatment in this paper 


may be useful for the qualitative discussion of 


the correlation between the electronic structures 
of the radical and the parent molecule, for in- 
stance, between the benzene and benzyl! radicals. 

As the application of this treatment, simplified 
consideration can be made on the lowest 
excited levels of some conjugated free radicals, 
like benzyl radical. It will be possible that 
the lowest excited state of a radical can be 
approximated by the single configuration. The 
component is the lowest triplet state of the 
parent molecule. 

By this approximation, the excitation energy 
from the ground state to the lowest excited 
state of the radical will be given 


JE -JE(T N)-+3/2(|m0HOm) 


1 2[m'0H0Om'| 


In the above, JE(T—N) is the excitation energy 
from the ground state to the lowest triplet 
state of the parent molecule in which one 
electron is excited to a vacant MO ¢,’ from 
an occupied MO e,,, and [m@H@m| is the 
integral of interaction by the exchange of <- 
electron in ©» and the methylene group. 

By using the nearest neighbor approxima- 
tion, the excitation energy of the radical can 
be written 


MAE= 4E(T—N) +1{3/2|\Cmr|? ~1/2|Cm'r ha 
(5) 


where C,,, is the coefficient of + at carbon 
atom r, where the hydrogen atom 1s substituted 
by a methylene radical. In Table IV, the 
lowest excitation energies of the conjugated 
free radicals calculated by Eq. 5 are shown. 

It is interesting that the excitation energy of 
the lowest excited state of a-naphthylmethyl 
radical is lower than that of 5-naphthylmethyl 
radical and the lowest excited states of benzyl 
radical and triphenylmethyl radical have the 
same excitation energy. Although triphenyl- 
methyl radical is not planar, the result of this 
paper shows qualitative agreement with the 
experimental result that this radical has the 
first absorption band at about 5000A'™ with 
weak intensity. The lowest excitation energy 
of allyl radical in Table IV may be compared 
with those by Moffit'?, by Higuchi’? and by 
Longuet-Higgins and Pople’. 

By this treatment it can be said that the 
lowest excited levels of each free radical 
in Table IV will be lower than the lowest 
triplet levels of the parent molecule and will 
give rise to a weak absorption band. 


Summary 


The electronic structure of benzyl radical 
was shown by the approximation of the com- 
posite system in which all of the interactions 


14) T. L. Chu and S. I. Weissman, J. Chem. Phys., 22, 21 
(1954) 
15) W. Moffit, Proc. Roy. Soc., A218, 486 (1953). 


16) J. Higuchi, J. Chem. Phys., 26, ISI (195 
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are ignored except only the interaction by = 00404'G "0 
exchange between <z-electrons of the benzene 
ring and the methylene group (CH ). The the ground states of the benzene rings I, If and III 
results are qualitively in agreement with the respectively, and 0 is the 2Pz orbital of carbon 
experimental observations and the results atom at the center of the molecule. 
of the other calculations’. The discrepancy For the excited states, the wave functions are 
between the results of the present paper and 
the other calculations are discussed. 

The lowest excited states of some conjugated exp( +271/3) ey (53'-O) gi," 
free radicals are also discussed. 


where ¢;, ¢%:' and ¢;'' are the wave functions of 


Wt —V 3 VL (ghy-O)g'ga" 


exp( +471/3)q101' (3''- 7) ] 
The author is greatly indebted to professor Ts=V 3-V*[(G3-O) G1' Gi" + il¢gs'-O)¢ 
I. Tanaka for his continuous encouragement C004" (03'' +O) ] 
and discussion. 
where (c'3-4), (¢%3'-9) and (¢;''-@) are similar to 


¥, in the case of benzyl radical. 


Laboratory of Physical Chemistry : ‘ ‘ : 
Therefore, neglecting non-neighbors, the lowest 


Tokyo Institute of Technolog) ae 
Mecuro-ku. Tokvo excitation energy is given as 
Meg u, f 


He»— Hy, =H3s—Hir 
2.39 €¥. 


Appendix 


The wave function of the ground state of tri- 
phenylmethy! radical is 


The Effect of Electron Transfer in the Electronic Structure of 
Benzyl Radical 


By Yuji Mort 


(Received December 12, 1960) 


In the previous paper, the correlation be- 
tween the energy levels of benzyl radical and 
those of benzene has been shown by the pre- 
sent author, though neglecting all of the 
interactions between benzene ring and CH» in 
benzyl radical except only the interaction by Cy(v) = V 6 '{2%1(y) 4+ Z2(v) + Za) 
exchange of z-electrons. However, there is the 14(v) +25(v) + X6(v)} 
question as to the different results which may 
be obtained if the assumption of the calculation 
is altered. In the present paper, the purpose 244(v) —Z%s(v) + XeQ)} 
is to show how the results may be affected by ov) 2-4 %0(v) + X2(v) —45(v) 
the change of the assumption in the treatment. 

In the present paper, the assumption is used Le(v)j (1) 
that the interaction between benzene ring and ody) =i 10-1192) — 2269) —Zv) : 
CH. arises from the transfer of the electron. ad : . 
oe ge ree eae 24,(v) —%5(%)— 46(r)} 

This assumption is introduced in the calculation 


Calculation 


The molecular orbitals of benzene ring are 
written in the real form as, 


©;(v) = V127'{221(2) + 22(y) —243(r) 


by the use of the approximation of integrals ©4(v) =271{Z2(v) —23(s) +: A5(v) 
Suggested by Pariser and Parr». This treatment 1.(v)) 
is the same as the method of composite 


© (v) VY 67'421(v) Z (vy) +2Z2(r) 
%3(v) +%s(v) —ZXe(v)} 


systems”? 


; r 1is illetin, 34, 1031 (1961). a o = : 
» R Persor and &. @ tee r payee Ph 1 167 In the above Z:(v) is the 2Pz atomic orbital 
- . « c atic * 5 « i . em. ! , at, / 


(1953). of vth electron at fth carbon atom, and CH 
3) A. London, ibid., 13, 396 (1945); H. C. Longuet- is attached to carbon atom 1 of benzene ring. 


Higgins and J. N. Murrell, Proc. Phys. Soc., A68, 101 (1955); 7 : 
Y. Mori, This Bulletin, 28, 291 (1955) The unperturbed wave functions of benzyl 
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TABLE I. THE 
Doublet configurations (M 1/2) 


Non-polar 
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WAVE 
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FUNCTIONS 


v) CoC a(l)en(2) 35(2e1(3)a(3) 6104) 5 (4 e2(5) a(S) ¢2(6) 5 (6) Z:(7) a(7) 10011227 
¥,=1/2{10013227 0013227 0011247 0011247)! 
¥,;=/12->'{10013227 0013227\|-2/0013227/+/0011247 0011247 
-B, 2'0011247}} 
¥,=1/2{10013227|/-]0013227|-!0011247/+|0011247)} 
¥;=V127'{/0013227/+!0013227|—2/0013227{-|0011247 0011247 
210011247} 
¥_—1/2{10014227[|—10014227{|—]0011237)+|001 1237)} 
¥,=Y12>'{(10014227 0014227/-2/0014227 0011237 0011237 
2/0011237})} 
A: ¥,-1/2{0014227|—-!0014227/—!0011237|—]001 123 7)} 
Vo -V12-'{10014227 0014227;/—2!0014227|/—-]0011237 0011237! 
2/0011237 
Electron transfer 
¥30>=|0012277 
¥,,=|0011223 
¥2=10032277 
¥33=|0013322 
. ¥,.=Y 27'{10012477 0012477 
¥,,=VY 2~-'{10011243 0011243} 
Vie=-V 6 '{10012477 0012477|—2/0012477}} 
Vi7=Y 6 '{10011243 0011243 > —2!0011243)}} 
¥,.,=|0011277 
¥.5=|0011422 
q 0042277 
¥2,—|0011233 
A Fo.=Y 2-1(0012377!-|0012377)} 
Fou=VY 2~'{0014223|—|0014223)} 
Vau=Y 6 '{10012377 0012377|—2|0012377)} 
Y Y6'{[0014223 0014223!—2/0014223)} 


5 


we 


Quartet configuration (M ) 


Non-polar 


Po=V 271{10013227 0011247}} 
‘B aie: 
4 Pa2=VY 27'{0013227|—|0011247)} 
Pox=Y 2 1{10014227 0011237)} 
4A ng 
Fo9=Y 2~'{10014227|—-'0011237})} 
Electron transfer 
- ¥9=10012477 
: ¥,,=|0011243 
- ( ¥3.=|0012377 
- | ¥. 0014223 


radical used in the calculation are 
shown in Table I. 

In Table I, Z:(1) is the 2Pz orbital of CH». 
The configurations from ¥; to ¥, are those of 
the previous paper’ and these are the non- 
polar configuration. The electron. transfer 
configurations from Yj) to ¥; (polar configura- 
tions) are neccessary to consider the effect of 
electron transfer. 


present 


By the use of Pariser-Parr approximation, 
with the neglect of penetration and 
all of the differential overlaps except resonance 


integral 


4) The correlations between the electronic states ot 


benzene and those of benzyl radical are 
SCAiw)—%i3 SCE w)—%2%s3 OCB) —%3 
YCUBou)—¥%e; P(CVEw)—%3, Fo, F29; 
YCBiu)—¥'s, F275 


(FBou) — Ps, G28. 
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integral, the energies of the electron transfer 
configurations degenerate in pairs 


Hy,o= Hes 


where v is an even number». 

The matrix elements H,;,’s (j+k) are not 
zero in the following two cases; 
1) between an electron transfer configuration 
and a non-polar configuration of the same 
symmetry class both of which differ by the 
position of just one electron, and 2) between 
both electron transfer configurations of the same 


direction and of the same symmetry class. 
However, the interactions between excited 
electron transfer configurations are not con- 


sidered, as these contribute very slightly to 
the energies and to the wave functions of the 
lower cxcited states of benzyl radical. 

Then by taking the linear combinations 


The Effect of Electron Transfer in the Electronic Structure of Benzyl Radical 


VS=V 4+, (2) 
_ ae Y V 
TABLE Il. THE MATRIX ELEMENTS. 
(1) 7B, 
(a) E,=H, 
(1) (3) 5) 
(1) E, 
(3) 0 E, + 4.1485 
(5) 0 0 E, + 3.5895 
(11-) 1.9359 1.6766 1.6766 E, 
Ci3") 0 1.6766 1.6766 
(14*) 0 0 0 
(17) 0 1.3689 1.3689 
(b) E,s=Hay~ E; + 5.9595 
(2) (4) (10*) 
(2)  E,+0.8000 
(4) 0 E, 
(10*) 0.9680 0.9680 E,-- 0.2007 
(12+) 0.9680 0.9680 0.9470 EF, 
(i3-) 1.3689 1.3689 1.3888 
(167) 0 0 0 
(Il) *Be 
(c) E Hog — E, + 4.1495 
(6) (9) (18*) 
(6) E, +0.5600 
(9) 0 E, 
(18*) 0.9680 1.6766 E,+2.3410 
(20*) 0.9680 1.6766 0 E, 
(23-) 1.3689 0 0.6696 
(24*) 0 1.3689 1.1598 
5) See Appendix. This relation is plausible in simple 


MO calc 


ulations. 
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each secular determinant is factored as shown 
in Table Il. The values of the integrals are 
those by Pariser 

Then the wave functions of benzyl! radical 
are classified into classes as follows: 

The wave functions represented by the linear 
combinations of 


a) Vy. Fa Fu ea Fis Pie 


b) F2, Fi, 71, Vi: Vis, F 

c) Vo, Fo, Vis, Vn, Va, V2 

d) 41, ¥s, Vi, Van, Un, Vz: 

e) Vx, V7, V5 

f) Fi 

g) Yo, Vs. 

h) Vo, V3 

Since the non-vanishing dipole matrix ele- 
ments, 


eq ji; efv Sq.) Vid V 


The values are given in eV.) 


f=) (13>) (14*) (17 
6.1602 
0.9470 E,-11.2744 
1.3888 0 I 12.7060 
0 0 0 i 11.1485 
(a2*) (15-) (167 ) 
» EF 
0 i 6.7465 
0 0 E,-5.1889 
20* ) (23-) (24 
7.3224 
0 E, + 7.9980 
0 0 E,+8.2180 
6) R. Pariser, J. Chem. Phys., 24, 250 (1956). 
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TABLE II (Continued) 
(d) E,—-H E,; ~ 4.7095 
7) 8 (19) (21 (22 (25 } 
| 
7) E 
8) 0 E- - 2.0500 
19>) 1.6766 0.9680 1.7810 
21 1.6766 0.9680 0 6.7624 
22 0 1.3689 0.6696 0 i 7.4380 
e -_ “s ; 
25) 1. 3689 0 1.1598 0 0 E .6580 
tt) =6*B. 
e) | Ha: .o7 =F 5895 
(26) 27 (31-) 
| 
} 
26 | k 0.5600 
(27) 0 E. | 
(31-) 1.3689 1.3689 | 6.1602 
f) Ff H I 9.7497 
IV) 4A } 
(g) Ex=H f 4.7095 
(28) 33 
(28) E. 
33°) 1.3689 | 5.705 
(h) Exs=H: I 4.1495 
(29) 32 
(29) E. 
32°) 1.3689 f 5.9305 
TABLE IIE. THE NON-VANISHING DIPOLI TABLE IV. THE LOWER ENERGY LEVELS OF 
MATRIX ELEMENTS BENZYL RADICAL 
dz ~[q: 13]+[q¢: 24] State Class Energy, eV. 
qu ,10* = 1/2{Lqg: 77] —1qg: 33] B a 0 
Qu jaz* = fq: 13] B a 2.75 (2.99 
dias =V 21g: 24} A ¢ 3.21 (3.42 
Mis az" —1/2{[q: 77] ~ [q: 33]} A d 3.70 (4.33 
44" ,15- =1/2{[q: 77] —(q: 33] *B e 3.92 (4.01) 
417~ , 16* =1/2{fg: 77] —lq: 33} B a 4.16 (4.18 
dis =1q:14)—[q: 23 1A h 4.59 (4.57) 
qu, 21 [q: 14] ‘B e 4.74 (4.86 
qs” , 19 V 2~-'[q: 14 A c 5.08 (5.13) 
iz, 19 V 3/2[q: 14 ‘A g 5.12 (5.42 
. B, b 5.29 (6.23 \ 
: (s ‘ he - } 
a) tq:lm) J: (v)q(y)em(>)d a The values in the parentheses are those in 
the previous paper 


q: 77) fee acrt vydr 
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where q(v) is the position of the vth electron, 
are those shown in Table III, the transitions 
from the ground state to the excited states of 
classes a and c are almost forbidden but the 
transitions to the excited states of classes b 
and d are allowed, though these four transi- 
tions are allowed by selection rule. 

The energy levels of benzyl radical by the 
present treatment are show in Table IV. 


Discussion 


The lowest excitation energy from the ground 
State to the lowest excited state °B. calculated 
by this treatment is 2.75eV. and this value 
will be compared to the transition energy 
2.8eV. of the “V"-band? of benzyl radical 
which was observed by Schiiler. From the 
consideration on the transition moments it was 
shown that the transition to the lowest °A 
(3.21 eV.) of class c¢ is almost practically 
forbidden and the transition to °A, (3.75 eV.) 
of class d is allowed. Therefore, the absorption 
band observed by Porter at about 3100A” will 
be assigned to the excitation from the ground 
State to the excited state “A» (3.75 eV.; 3300A). 

In the present treatment, the weak inten- 
sities of the lower absorption bands are pre- 
dicted though the effect of electron transfers 
was taken imo account. There are two direc- 
tions of the electron transfers. One is the 
electron transfer from benzene ring to CH: 
and the other is the reverse. Further the 
effect of these two electron transfers are equal 
in magnitude and opposite in direction, and 
cancel each other on the transition moments 
of the excitation to the states of class a. On 
the other hand, in the transitions to the states 
of class b the effect of electron transfer may 
be considerable, because for these transitions 
the two electron transfers contribute to enhance 
the oscillator strengths. 

The effect of electron transfer on the transi- 
tions to the states of classes c and d is in- 
direct. The directions of these transition mo- 
ments are orthogonal to the direction of 
electron transfer. In this case, the transition 
moments are given by the mixing with the 
configuration ¥%; where the mixing arises from 
the electron transfer interaction. Therefore, 
the intensity of the transition to *A» (3.21 eV.) 
may be weak, as no mixing with ¥s occurs and 
*A» (3.75 eV.) will give rise to a strong absorp- 
tion band by the mixing with Vs. 

Consideration may be given to the inten- 
sities of the lowest absorption bands of radicals 
in which the CH» group of benzyl radical is 
substituted by another atom or group. By the 


7) H. Schiller, Z. Naturforsch., A10, 459 (1955). 
8) G. Porter and J. Norman, Nature, 174, 508 (1954). 
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substitution, the electronegativity of the at- 
tached group or atom is changed from that of 
CH.. By this change the difference is given 
between the weights of contributions from the 
two opposite electron transfer states. Then the 
intensities of the lowest bands of these radicals 
may be more intense than that of benzyl radical 
because the effects of the two electron transfers 
of opposite directions do not cancel completely 
in such radicals. 

The results of the present paper are similar 
to those obtained by the treatment in the previ- 
ous paper” and also the inconsistency with the 
results calculated by the method of MO*:' is 
seen. This inconsistency arises from the dif- 
ference of the configuration interactions in- 
cluded in the calculations as shown in the 
previous paper. The results of the present 
paper may be more reliable than that in the 
previous paper because of the improved pro- 
cedure of calculation. 


Summary 


The method of composite system was applied 
to the calculation of the electronic spectra of 
benzyl radical. The results are very similar to 
those in the previous paper’ and there is no 
important difference between these two results 
though the procedures of calculation are 
different. 

The effect of electron transfer on the transi- 
tion moments of lower bands of some radicals 
was discussed. 


The author wishes to express his sincere 
thanks to Professor I. Tanaka for his kind 
advice and discussions. 


Laboratory of Physical Chemistr) 
Tokyo Institute of Technology 
Meguro-ku, Tokyo 


Appendix 


The diagonal matrix elements of the electron 

transfer configurations are written in the form 
H ; ; =Ep(j) +U(J) 

In the above, Ep(j) represents the energies of 
charge components in the electron transfer j and 
U(j) is the Coulomb potential between charged 
components. 

The molecular integral are abbreviated as 


I inm Jomo )Heore(em(v)dy 


[ll : mm] fff o1(v)|2e?/rop|om(p)|? drvdtp 


9) H.C. Longuet-Higgins and J. A. Pople, Proc. Phys. 
Soc., A68, 591 (1955) 
10) W. Bingel, Z. Naturforsch., A10, 462 (1955). 
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(im: lm] f few v)Om(»)e*/ry nom Meidt dep 


(tt: uu) ffi L1(v))? e2/ryp| Lu(se)|2deydrp 


where ¢/(v) and ¢»(v) are the z-electron molecular 
orbitals of benzene. 

Applying the following relations 
are Eqs. 28, 46 and 47 in Ref. 6), 


(the last three 


[11 : mm] [33: mm], [22:mm]=[44: mm] 
(12 : 12) = (34: 34], [23 : 23] =[14: 14] 
Iinm=Wop—>(Cmt)? DS (tt: uu)+km 3 


t uct) 


2 S [/1: mm] 


D(C)? S(t : uu) 
m=0 t 


u 


2 
255 {[1m: 1m] + [3m : 3m]} 
m=0 


2 & {(2m : 2m) [4m : 4m]}} = (11: 11) 
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one has 
Ep(10)=Ep(11), Ep(18) =Ep(19) 
By the above equations and by the relations 
(11 : 33] =[22: 44], [01 :01]=—[02:02] 
[03 :03]=(04:04], [13:13] =[24: 24] 
the following is given 
Ep(v)=Ep(vu~—1) 


where v is an even number. 
The Coulomb potential U(/) is given subject to 
the symmetry (except U(20) and U(21)), 


2B. and *B. U(/) fal: 77) 
“A. and 4A, U(j/) (22:77) 
The potentials U(20) and U(21) are 


U(20) =U(21) ACh : 77) + E22: 77) 
Thus the following is given 
H, Ho+1, v+1 


Polarographic Determination of the Formation Constant of 
Sulfatonickel(II) Complex 


By Nobuyuki TANAKA and Hiroshi OGINo 


(Received December 24, 1960) 


In the previous paper’, a new method for 
the determination of the formation constants 
of metal acetato complexes and its application 
to acetatonickel(Il) complexes were presented. 
The method is based on the polarographic 
measurement of the sum of the equilibrium 
concentrations of hydrated metal ions and 
metal acetato complexes in the presence of an 
appropriate auxiliary complex-forming sub- 
stance. Although similar functions are derived, 
the method is essentially different from the 
DeFord and Hume’s method” that is based on 
the displacements of the half-wave potential 
of metal ions in the presence of a complex- 
forming substance”. 

Because of the increasing interest in the 
determination of the formation constants of 
less stable complexes, especially those with two 
or more different ligands, it seems worth while 
to generalize the treatment of the method 
reported in the previous paper” and to increase 
its applicability. 


1) N. Tanaka and K. Kato, This Bulletin, 32, 516 (1959). 
2) D. D. DeFord and D. N. Hume, J. Am. Chem. Soc., 


3) D. N. Hume, Anal. Chem., 32, 137R (1960). 


In the present paper, the case where a co- 
existing ion, Z*~, is added to the system of 
Ni(I])—auxiliary complex-forming substance 
acetate is dealt with. A general procedure for 
the determination of the formation constants 
of Ni(OAc);:@ and Ni(Z);@~7)+ as well 
as Ni(OAc);(Z);@-*~-7* is presented, and the 
formation constants of monosulfatonickel (II) 
complex, which were determined with sulfate 
ions used as the co-existing ion, are reported. 


+ 


Theoretical 


Let us consider the acetate buffer solution 
which contains nickel(II)*, nitrilotriacetate 
(NTA)® and a co-existing ion. There exist 
the following equilibria: 

Ni ~~ < MIA (1) 
NiX H* <2 Mex (2) 
Ni** +iOAc Jz 
~” Ni(OAc) ;:(Z) ; (3) 
4) Nickel(II) and nitrilotriacetate may be replaced by 


other appropriate metal ions and complex-forming 


substances, respectively. 
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where X°~ denotes a tervalent NTA anion and 
Z*~, a co-existing ion, e. g., sulfate. 

The total concentration of nickel, [Ni];:, and 
that of NTA, [NTA],, in the solution are given 
in terms of the ionic and the molecular species 
as follows: 


) 


n h 
INiJ,~ SY BS (Ni(OAc),(Z);2-'-2?*] 


1-0 7-0 


[NiX~] + [NiHX] (4) 
INTA],= [NTA];+ [NiX7] + [NiHX] (5) 
n p 
where >) 3) [Ni(OAc) ;(Z) ;°~‘~??*] represents 
z=0 7-0 


the sum of the concentrations of hydrated 
nickel ions and complexes of nickel(II) co- 
Ordinating with acetate and/or Z*~ ions, and 
INTA]+, the sum of the concentrations of the 
uncomplexed NTA. 

The polarographic diffusion current of nickel 
ions obtained in the solution which contains 
acetate and Z*~ ions corresponds to the sum 
of the diffusion current due to the hydrated 
nickel ions and of those due to the complexes 
of nickel(II) co-ordinating with acetate and/or 
Z*~ ions». If the hydrated ion and the com- 
plexes have nearly the same diffusion current 
constants, the sum of their concentrations can 
be determined from the polarographic diffusion 
current, if necessary, after correction. Then, 
we write the equation as, 


n Dp 
[Ni**}ese= 3 2 (NIOAc) (2) "~*~ © 9*] 
a] 7] 0 
(6) 
where [Ni>*Japp is the concentration that can 
be determined polarographically. Eq. 4 is 
rewritten as, 


[Ni]. = [Ni?*] app [NiX~] + [NiHX] (7) 


The concentrations of NiX~, Ni®* and X*~ 
are given by 
Nil, N app 
|NiX l | i] l I PI (8) 
v? 
(NiZ*]=— eae (9) 
> Dd KnicOac);(z) ; (OAc™ ] * [Z? -] 4 
INTA]; 
[X?~] (10) 
a 
where 
ill {[H*| - (H*] re {H*] 
Kux Ku.xKux Ku,xKu.xKux 
and 
1+ Kan (84*] 


Ku.x, Ku,x and Kyx 


represent the first, the 


second and the third dissociation constant of 
nitrilotriacetic acid, respectively, Kyinx, the 
equilibrium constant of the reaction given by 
Eq. 2 and Kwni(oAc),(z);, the overall formation 
constant of Ni(OAc);(Z),@~*~7?*. It may be 
defined that when both i and j are zero, the 
value of Kni(OAc),(z); equals unity. 

The formation constant of NiX~, con- 
sequently, is given as 


[NiX~] 
Kx; a ; 
we [INi2*] (X?-] 
af{ [Ni] .— [Ni?*] app} 
n p 


> BD Knicac),(z);(OAc™ |‘ (Z?~]? 
1 07-0 
A 


B (Ni?*] app [NTA]; (it) 


Introducing to Eq. 11 the expression for the 
concentration of uncomplexed NTA given as 


[NTA] [Ni?*]app— (Nile + {NTA}, (12) 


the relation 


{ [Ni +] app [Ni]; t INTA].} (Ni? *] app 
[Ni]: — [Ni?*] app 
a n p 


D D Knicoac);(z) ; (OAc™ } * (Z?~]4 


PKxyixi 07-0 


(13) 


is obtained. It may be obvious that both a 
and § in Eq. 13 are constant in the solution 
of the given pH and the given ionic strength. 

First, the values of [Ni®*]app are determined 
by the polarographic method at the given pH, 
the given ionic strength and the given con- 
centration of acetate, but at varied concentra- 
tions of Z?~, with which the values for the 
left-hand side of Eq. 13 are calculated. In this 
case it may be convenient to express Eq. 13 as, 


” a a r 
Fo>=>>— BD Knic@ac): (OAc }* 
P Kyixi 0 

a wl 8 , 
ae 3S} Kni(OAc):(z) (OAc™ |‘ [Z?~] 4 +++ 
PKs xi 0 

a a P 7 : 

>> KnicoAc);(z), (OAc™ | * (Z?~]! (13’) 
PKx xi-0 


where the left-hand side of Eq. 13 is replaced 
by Fo. Eq. 13’ shows clearly that the plot of 
F) against the concentration of Z gives a 
curves of pth degree with respect to [Z*~]. 
From extrapolation of the F) plot to the zero, 
concentration of Z?~, the value of 
c , , 

3 S$) KnicoAc);{OAc™]' is obtained. Then, 
PANixi—-0 

the function F(Z) (I<j<p+1) is defined as 
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F)(Z) 


a A 
ap m2 KNi(OAc)i(Z);-: LOAc™ |‘ 
PKxixi—0 


[Z°~ | 


F; 1(Z) 


a -4 , 
- > KnicoAc)(z), [OAc ™ | 
PKyix: 9 


>) Kni(OAc);(Z) [OAc ie 


Blunts 


baiaes (14) 


a 


F(Z) is plotted against the concentration of 
Z*~ and the value of 

ae 3 Kone) (z), \OAc~ |" is determined by 
PKxixi-0 

extrapolating the Fj(Z) plot to zero concentra- 
tion of Z? Repeating the procedure until 
the relation, 


Fp+1(Z) =0 


is obtained, the value of p can be determined. 

Secondly, the values of [Ni’*]a,, are deter- 
mined by the polarographic method at the 
given pH, the given ionic strength and the 
given concentration of Z*~, but at varied con- 
centrations of acetate. The left-hand side of 
Eq. 13 is calculated and plotted against the 
concentration of acetate. Eq. 13 is also written 
as a function of the concentration of acetate: 


p 
. a ,y . 
pe > Kniz),(Z*~ }/ 
PKyix; 0 
p 
a 2 : 
= >) Kni(OAc)(z);1Z*~ ]? (OAc™ J +------ 
PKyixj-0 
pb 
a , ‘ 
- D Kni(oac),(z); (Z?~}/[OAc™ ] 
Pp Knix j 0 


cis") 


From extrapolation of the Fo plot to zero acetate 
concentration, the value of 
— $ Knizy, (Z! |/ is obtained. 
Do Kyix j 0 

The function F;(OAc) (ISisn+1) is also 
defined as, 


F;(OAc) 
Fi_s(OAc) ~ 5p 33 Kntoaey, 2,12? 
PRNix)-0 
[OAc™ } 
a P. , - 

BKuax pp ROACH) [Z*~}? 

a Ber, - 

ov >) Kni(OAc);.:(Z); 1Z?~ |2 [OAc™ | + +--+ 
BD Kyix j 0 
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F,;(OAc) is plotted against the concentration 
of acetate and the value of 
" a © Ninian (zy, (Z?~ | 
PKyix j 0 

the procedure concerning the F;(OAc) plot is 
repeated at p-+1 different concentrations of 
Z*~, (n+1)(p+1) pieces of equations with 
(n+1)(p+1) unknown quantities, which are 
KNi(OAc)(z); (OSi<n, OS jp except i-j--0) 


is detremined. If 


and , are yielded. Solving these equa- 


a 
5 Knix 
tions, all of Knicoac),(z); can, at least theoreti- 
cally, be determined. 


Experimental 


Reagents.—-A standard solution of nickel nitrate 
was prepared by dissolving an appropriate amount 
of pure nickel metal in nitric acid. The concen- 
tration of nickel was determined by the conventional 
gravimetric method with dimethylglyoxime®. <A 
solution of disodium nitrilotriacetate was prepared 
from the commercial nitrilotriacetic acid (DOTITE 
NTA), and standardized against the standard solu- 
tion of nickel(II) nitrate by amperometric titration 
with a similar procedure for ethylenediaminetetra- 
acetate®s?. A solution of potassium sulfate was 
prepared from the guaranteed grade reagent. The 
sulfate concentration was determined by the con- 
ventional gravimetric method». All other chemicals 
used were of analytical reagent grade. 

Apparatus and Procedure.—A Yanagimoto PB-4 
pen-recording polarograph was used for the measure- 
ment of the current-voltage curves. The dropping 
mercury electrode used had an m value of 2.13 
mg./sec. and a drop time t, of 4.07 sec., being 
measured in an air-free 0.2M potassium nitrate 
solution containing 2 10-°m polyoxyethylene lauryl 
ether (LEO) at 25°C and at —0.5V vs. SCE. The 
sum of the diffusion currents of hydrated nickel 
ions, acetatonickel(II), sulfatonickel(I]) and, if any, 
acetatosulfatoniccolate(II) complexes were deter- 
mined in the acetate buffer of pH 3.66+0.02 con- 
taining sulfate, nickel(Il) and a slight excess of 
NTA at 15, 25 and 35°C. The concentration of 
acetate in the buffer was varied from 0.025 to 
0.100 ™M at the constant concentration of sulfate of 
0.03 mM, while that of sulfate was varied from 0.01 
to 0.05 Mm at the constant concentration of acetate 
of 0.05m. The ionic strength of the solution was 
adjusted to be 0.2 with potassium nitrate. LEO 
was added as a maximum suppressor by 1x 10°&m 
(at 15°C) or 2x10-m (at 25 and 35°C) in con- 
centration. The pH of the solution was measured 


5) F. P. Treadwell and W. T. Hall, Analytical Chem- 
istry’, Vol. 2, John Wiley & Sons, Inc... New York (1951), 
p. 193 

6) N. Tanaka, M. Kodama, M. Sasaki and M. Sugino, 
Japan Analyst (Bunseki Kagaku), 6, 86 (1957 

7) N. Tanaka, I. T. Oiwa and M. Kodan inal. Chem 
28, 1555 (1956). 

8) F. P. Treadwell and W. T. Hall, ** Analytical Chem- 
istry", Vol. 2, John Wiley & Sons, Inc., New York 
p. 393. 
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accurately, after the polarographic measurement, 
with a Hitachi Model EHP-1 pH meter with a glass 
electrode. 


Results and Discussion 


The polarograms were recorded with the 
solution of pH 3.66 containing 1.00x10~-°M 
nickel nitrate, 109x10~°mM NTA and various 
concentrations of acetate and sulfate, unless 
otherwise stated. Nickel(II) gave an irreversible 
wave with the half-wave potential of about 

1.05 V vs. SCE in the acetate-sulfate-nitrate 
media. This wave is considered to be due to 
the reductions of hydrated nickel(II) ions, 
acetatonickel(II), sulfatonickel(Il) and, if any, 
acetatosulfatoniccolate(II) | complexes. The 
limiting current of the wave was found to be 
proportional to the concentration of the 
electroactive species and also to the square 
root of the effective height of mercury column 
on the dropping mercury electrode. This 
clearly showed that the limiting current is 
diffusion-controlled. 

The apparent diffusion current constants of 
nickel(II) were determined from the measure- 
ments of the diffusion current at various acetate 
and sulfate concentrations. The values of 
[INi?*Japp Of Fq. 6 were calculated, with the 
aid of those apparent diffusion current con- 
stants, from the limiting currents obtained with 
the reaction mixtures. 

Presence of Sulfato Complexes.—The polaro- 
grams were recorded with the solutions con- 
taining 0.0500™m actate and various concentra- 
tions of sulfate at various temperatures. With 
the values of [Ni®*]app obtained, the left-hand 
side of Eq. 13, Fo, was calculated and plotted 
against the sulfate concentration. The results 
are shown in Fig. 1, where it is clearly seen 
that the plots of Fy vs. [SO,°~] give straight 
lines. This fact indicates that p is equal to 1 
and no appreciable amount of complexes with 
two sulfates or more co-ordinated is present 
in the solution under the experimental con- 
ditions. From the plots in Fig. 1, the values of 


a n ” 
a >> Knicoac); (OAc™}* and 
PKyixi 0 
a i . : , 
=D KnicoAc);(so,) [OAc~]‘ in Eq. 13’ were 
PKyix: 0 


determined, the former being given by the 
intercept at [SO,’~] --0 and the latter, by the 
slope. 

Absence of Acetatosulfato Complexes.— The 
polarograms were recorded with the solutions 
containing 0.0297M sulfate and various con- 
centrations of acetate at 25°C, and the values 
of [Ni’*]app were determined. The left-hand 
side of Eq. 13, Fo, was calculated and plotted 
against the acetate concentration. (A in Fig. 2). 
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A linear relation between F, and the con- 
centration of acetate clearly indicates that n is 
equal to 1 and no appreciable amount of 
complexes with two acetates or more co- 
ordinated is present in the solution under the 
experimental condition. The fact that n and 
p are equal to 1, respectively, suggests that 
NiOAc*, NiSO,; and Ni(OAc)(SO,) may 
exist in the solution under the experimental 
condition. 
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Fig. 1. Relation between the values of left- 
hand side of Eq. 13, Fy, and the concentration 
of sulfate at various temperatures. Acetate 
concentration is 0.0500 Mm. 
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Fig. 2. Relations between the value of left- 
hand side of Eq. 13, Fy, and the concentra- 
tion of acetate at 25 C, obtained in the 


presence of 0.0297Mm sulfate (A) and in the 


absence of sulfate (B). 
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TABLE II. THE REPORTED VALUES OF FORMATION CONSTANTS OF SULFATONICKEL(II) COMPLEX 
Investigator Method Temp., C Ionic strength Kniso, Ref. 

Money et al. e.1%. t. 25 0 250 9 
0.2 22* 

Brown et al. freezing point 0 0 114~244 10 
0.2 8~16* 

Kenttamaa freezing point 0 0 220 11 
0.2 15* 


* These are the formation constants which were calculated by the present authors with the values 


reported in the literature referred to. 


From the following experiment, however, it 
is concluded that Ni(OAc)(SO,)~ is not pres- 
ent in an appreciable concentration: The 
polarograms were obtained with the solutions 
containing 1.00x10~°Mm _ nickel nitrate, 1.10 
x10-2mM NTA and various concentrations of 
acetate but none of sulfate at 25°C and pH 
3.68. The values of F, were calculated with the 
observed [Ni’*]app’s and plotted against the 
acetate concentration with a linear relation as 
shown by B in Fig. 2. The value of 
~ Kxioae Which was determined from the 
6 Kxix 
slope of plot B in Fig. 2 is 1.48*10~°, while 


that of (Kyioac + Kxicoacycso, [SO,"~ J ) 


a 
Bb Kxix 
obtained from the slope of plot A in Fig. 2 
is 1.41x*10~°. The agreement of these two 
values indicates that the term of 
Kxicoaexso,y[SO,’~ | is negligible and, therefore, 
no appreciable amount of Ni(OAc)(SO,)~ is 
present under the experimental condition. 

The Determination of the Formation Constant 
of Sulfatonickel(II) Complex.—It has _ been 
known that nickel(II) forms only a mono- 
acetato complex in the solution containing 
acetate up to 0.2M in concentration at ionic 
Strength 0.2 at temperature ranging from 15 
to 35°C From this and the fact that 
Ni(OAc)(SO,;)~ is considered not to be present 
under the experimental condition, Eq. 13’ is 
simplified as, 


. a a : 
F ae i BKaxhs0se OAC | 
a , . 
BKwax 880 SOs | 


The formation constant of acetatonickel(I1) 
complex has been given as 2.6 and 2.4 at 15 
and 35°C, respectively”. The value at 25°C 
was determined to be 2.5 from plot B in Fig. 


9) R. W. Money and C. W. Davies, Trans. Faraday 
Soc., 28, 609 (1932). 

10) P. G. Brown and J. E. Prue, Proc. Roy. Soc., 
320 (1955). 

11) J. Kenttamaa, Suomen Kemistilehti, 29B, 59 (1956). 
12) J. Kielland, J. Am. Chem. Soc., 59, 1675 (1937). 


A, 232, 


2, and this value was in satisfactory agreement 
with that obtained previously”. With the aid 
of these values, the formation constants of 
sulfatonickel(II) complex at various tem- 
peratures were obtained from the intercepts 
and the slopes in Fig. 1. These are given in 


Table I. 
TABLE I. FORMATION CONSTANTS OF SULFATO- 
NICKEL(IL) COMPLEX AT VARIOUS TEMPERATURES 
Temp., °C Kniso, 
15 14.3+0.4* 
25 11.6+0.9* 
35 14.6+0.7* 


* The accuracy of Kwiso, was calculated with 
the standard deviations of the intercepts 
and the slopes of the Fy plots. 


The formation constants of the sulfatonickel- 
(11) complex which have been reported by 
other researchers are given in Table II. The 
original values in their papers were corrected 
for ionic strength and also listed in Table II. 
In this calculation, the activity coefficients of 
nickel(Il) and sulfate ions were estimated to 
be 0.33 and 0.27, respectively'”, at 25°C and 
ionic strength 0.2. At O°C and ionic strength 
0.2, they were estimated to be 0.29 and 0.23, 
respectively’. It is probably seen that the 
formation constants of monosulfatonickel(II) 
complex obtained in this study are in an 
essential agreement with those given in Table 
II. 

Besides, Table I clearly indicates that the 
formation constants of monosulfatonickel (II) 
complex, Kyiso,, are almost independent of 
temperature at 15 to 35°C. The same tendency 
has been found for the formation constants 
of monoacetatonickel(I]) complex reported 
previously 


Summary 


A method for the determination of the 
formation constants of less stable metal com- 
plexes has been developed. The method is 
based on the polarographic measurement of 
the sum of the equilibrium concentrations of 
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hydrated metal ions and the complexes co- 
ordinating with acetate and/or co-existing ions 
in ‘the presence of an appropriate auxiliary 
complex-forming substance. Essential advan- 
tages of the method are those of the method 
that was previously reported and applied to 
the formation constants of acetatonickel (II) 
complex. 

The procedure developed is applied to the 
study of the nickel(I]) complexes present in 
the acetate buffer solution containing nitrilo- 
triacetate asi an auxiliary complex-forming 
substance and sulfate as co-existing ions. The 
results obtained reveal that, under the experi- 
mental condition, the monoacetatonickel(II1) 
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ions NiOAc* and the monosulfatonickel(II) 
NiSO, are present in the solution but not 
the acetatosulfatoniccolate(II) Ni(OAc) (SO,)~. 
The formation constants of monosulfato com- 
plex, Kyiso,, at ionic strength 0.2 are calculated 
to be 14.30.4 at 15°C, 11.6+0.9 at 25°C and 
14.6+0.7 at 35°C. 


The authors thank the Ministry of Education 
for the financial support granted for this 
research. 

Department of Chemistry 
Faculty of Science 
Tohoku University 
Katahira-cho, Sendai 
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Infrared Spectra of Some Deuterated Crystalline 
Polystyrenes. III. Characteristic Bands of 


Isotactic Polymer from Styrene-d; 
By Masamichi KOBAYASHI 
(Received April 8, 1961) 


In order to interpret the absorption bands 
characteristic of the helical 
isotactic polystyrene, several deuterated deriva- 
tives in which the hydrogen atoms of the 
skeletal chain are substituted with deuterium, 
such as crystalline poly-ad,-, poly-8di-, poly- 


a, Bd.- and poly-§, fdo-styrene, have been 
synthesized and their infrared spectra have 
been investigated’. It was found that the 


characteristic bands appearing (1) in the region 
of 1450~1180 cm (13640, 13140, 1297z and 
1195z), (2) at near 1070cm~™! and (3) at near 
900 cm~! were remarkably affected by the sites 
and the numbers of the substituted deuterium 
atoms. However, the frequency shifts of these 
bands on deuteration were not always so simple 
that it seemed difficult to assign them to simple 
vibrational modes. Although it seems reason- 
able to consider that the deformational 
vibrations of the skeletal CH and CH» groups 
and the stretching vibrations of the carbon 
chain in the helix contribute to the appearance 


1) M. Kobayashi, This Bulletin, 33, 1416 (1960). 
2) M. Kobayashi, ibid., in press. 


conformation of 


of the characteristic bands, we could not dis- 
regard the effects of the coupling of these 
modes with the CH deformations of the side 
group, since it was known that” some of the 
characteristic bands were moderately affected 
by deuteration of the para position. 

In order to throw some light on the problem, 
the infrared spectra of the polymers (both 
isotactic and atactic) of the monomer C;D;CH 
CH> were investigated. 

The monomer was prepared by the following 
scheme 


CH,CO ai 
C.D. io =. ca—Cc—ch 
CH,;CO’% in CS: i 
O 
LiA ‘ 
=“, CD—C—CH 
OH 


> CD~CH-Ch, 
C;D; was prepared from benzene and deutero- 
sulfuric acid, D.SO,, by an exchange reaction, 
the product contained about 85mol.% of 
deuterium. The monomer thus obtained was 
polymerized in n-heptane using Ziegler type 
catalyst, then isotactic polystrene-d; was obtain- 
ed. The atactic polymer was prepared by bulk 
polymerization using B. P. O. as a catalyst. 

In Fig. 1 the spectra of the atactic and 
isotactic (crystallized) polymers were compared 
with each other. 


3) H. Tadokoro et. al., ibid., 32, 313 (1959). 
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Fig. 2. Polarized infrared spectra of isotac- 
tic polystyrene-d;. 
electric vector perpendicular to elon- 
gation 
electric vector parallel to elongation 


A most noticeable feature is that the spectro- 
scopic characters of isotactic polystyrene are 
observed also in our deuterated sample; the 
appearance of the bands at 1365, 1321, 1295 
and 1190cm~! and the splitting of the bands 
at near 1070cm™'! and at near 900cm™' on 
crystallization. Especially, the bands in the 
region of 1450~1180cm~' have almost the 
same frequencies and relative intensities as those 
of polystyrene. Moreover, as shown in Fig. 2, 
measurements of the polarization spectra of the 
oriented crystallized sample show that the polari- 
zation properties of the characteristic bands 
coincide with those of isotactic polystyrene. 
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These results may support the assumption 
that the CH deformations of the phenyl group 
have little effect upon the appearance of the 
characteristic bands of isotactic polystyrene, 
especially, those in the region of 1450~ 
1180cm~'. Then, it may be concluded that 
the helical conformation of the isotactic poly- 
styrene molecule reflects mainly on the absor- 
ption bands associated with the modes of the 
groups composing the skeletal chain. 

The detail of this work will be reported in 
elsewhere. 

Osaka Industrial Research Institute 
Ovyodo-ku, Osaka 





Infrared Spectra of Polyacrylonitrile 
Polymerized by Gamma-irradiation 


at Low Temperatures 
By Yoshizo TsuDA 
(Received May 15, 1961) 


In order to study the effect of polymerization’ 
condition on the infrared spectrum of poly- 
acrylonitrile, acrylonitrile was polymerized in 
bulk and in various solutions by gamma- 
irradiation at low temperatures and it was 
found that the intensities of absorption bands 
at 1675 and 2030cm vary according to 
the polymerization conditions, i. e., the solvent 
species and the irradiation temperatures. Figure 
1 shows the infrared spectra in the 1500~ 
2500 cm~' region obtained from the potassium 
bromide disks of some different polyacrylonit- 
rile samples. Samples A, Band C were obtained 
by gamma-irradiation of pure acrylonitrile at 
17, —78.5 and —196°C, respectively. Figure 2 
shows that of sample D which was obtained by 
gamma-irradiation of acrylonitrile in triethyl- 
amine solution at —78.5°C. As may be seen 
in these figures, the absorption band at 1675 
cm~' is much more intense in sample D than 
in samples A and B and this band is not 
observed at all in sample C. On the other 
hand, the band at 2030cm™~' which is not 
observed in samples A, C and D is intense in 
sample B. The band at 1675 cm~! was assigned 
by Liang and Krimm” to a vibration of an 
impurity. On the basis of the behavior of 
this band, it is sure that this band should be 
assigned to a vibration characteristic of a 
special structure of polyacrylonitrile itself. 

From the copolymerization studies of acrylo- 
nitrile and styrene by gamma-irradiation at 


1) C. Y. Liang and S. Krimm, J. Polymer Sci., 1, 513 
(1958). 
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Wave number, cm~! 

Fig. 1. Infrared spectra of polyacrylonitrile 
obtained by gamma-irradiation. Samples 
A, B and C were polymerized in bulk at 
17, —78.5 and —196°C, respectively. 








Wave number, cm~! 
Infrared spectrum of polyacrylonit- 
rile obtained by gamma-irradiation in 
triethylamine solution at —78.5°C. 


Fig. 2. 


—78.5°C®, it was shown that the polymeriza- 
tion proceeds in bulk by a free-radical 
mechanism, on the other hand, in dilute organic 
solutions predominantly by an anionic mecha- 
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' 


Wave number, cm~! 
Fig. 3. Infrared spectrum of polyacrylonit- 
rile obtained by gamma-irradiation in N, 
N-dimethylformamide solution at —78.5°C. 


nism. In view of these facts, it can be consi- 
dered reasonably that the band at 2030cm™'! 
is due to the keteneimine linkage, as has been 
described previously*, and the band at 1675 cm7™! 
is due to the C=-N linkage which comes from 
a reaction by an anionic mechanism. The 
latter band is also intense in the spectrum 
of polymer obtained in dimethylformamide 
solution as shown in Fig. 3. 

In order to determine whether the C-=N 
linkage is formed by the action of radiations 
on the polymer or is formed by the polyme- 
rization processes themselves, the polymer 
sample C which has no absorption at 1675cm~! 
was dissolved in dimethyl formamide and then 
irradiated at --78.5°C. In the infrared spectrum 
of the irradiated polymer the band at 1675cm~™'! 
was observed to be as intense as that of the 
sample D. When this polymer solution was 
irradiated at room temperature, any increase of 
the absorption at 1675cm~' was not observed 
in the spectrum of the irradiated polymer. 
These facts indicate that the formation of C=N 
linkage is due to the action of radiations on the 
polymer in these solutions at low temperatures. 

From the above consideration, the following 
reaction to give the conjugated C-N linkage 
to the polymer can be assumed to occur by 
gamma-irradiation at low temperatures, 


CH, SH, SH, | mq EF PF, 
cH cH cH cH Cc ch 


—s 


Cc Cc 
Fi NZ See ey 


where X~ denotes an anion formed by tke 

irradiation of solvent molecule at low tempc- 

ratures. The formation of the same structure 

was also assumed recently in an anionic 
2) Y. Tsuda, J. Polymer Sci., in press. 


3) C. S. H. Chen, N. Colthup, W. Deichert and R. L. 
Webb, J. Polymer Sci., 45, 247 (1969). 
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polymerization of acrylonitrile’. This reaction 
proceeds easily by an anionic mechanism 
as shown above, however, it seems that 
the similar reaction proceeds also by a free- 
radical mechanism, the rate of formation being 
very small, as shown by the presence of the 
weak absorption at 1675cm™' in the spectrum 
of polymer obtained in bulk. 

The infrared spectra of the polymer samples 
were obtained using Perkin-Elmer model 21 
spectrophotometer. The gamma-rays of °°Co 
were used for the gamma-irradiation at the 
dose rate of 4x 10'r hr. 


The author wishes to thank Dr. H. Kobayashi 
for permitting the publication of this paper. 
He also thanks Mr. Y. Hayakawa for his help 
in experiments. 


Central Research Laboratories 
Tovo Rayon Co., Ltd. 
Otsu, Shiga 


4) P. Claes and G. Smets, Makromol. Chem., 44, 212 (1961) 


Isolation of 6-O-Methyl-v-galactose from 


the Agar of Ceramium Boydenii 


By Susumu Hirase and Choji ARAKI 


(Received May 27. 1961) 


The chemical structure of agar has been 
extensively investigated in this Institute 
One of the present writers has assigned the 
linear structure consisting of pb-galactose and 
3, 6-anhydro-L-galactose to agarose, which is 
the main polysaccharide of the agar of Gelidium 
amansii». Besides these two sugars, there are 
also contained L-galactose, xylose, p-glucuronic 
acid, pyruvic acid and sulfuric acid in the agar’. 
The present communication reports the isolation 
of 6-O-methyl-p-galactose in 12% yield from 
the hydrolysis products of the agar of Ceramium 
boydenii. 
6-O-methyl-p-galactose as far as agar is concern- 
ed. The synthesis of the sugar has been 
reported on several occasions It has also 


1) See review: C. Araki, ‘Proc. 4th Intern. Congr. 
Biochem.”’, 1, Pergamon Press, London, New York & 
Paris (1959), p. 15; ‘“‘ Progress in Org. Chem.” (Y@Gki- 
kagaku no Shinpo), Ed. by M. Murakami, Vol. 13, 
Kyoritsu Shuppan, Tokyo (1959), p. 221. 

2) C. Araki, This Bulletin, 29, 543 (1956), Memoirs Fac. 
Ind. Arts, Kyoto Tech. Univ., Sci. & Tech., 5, 21 (1956). 

3) K. Freudenberg and K. Smeykal, Ber., 59, 100 (1926) 

4) J. Munro and E.G. V. Percival, J. Chem. Soc., 1936, 640. 

5) E. Pacsu and S. M. Trister, J. Am. Chem. Soc., 62, 
2301 (1940). 


This is the first reported instance of 
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been isolated from the non-gelling polysaccha- 
ride of the red seaweed Porphyra capensis”. 


Experimental 


Preparation of Agar.—Agar was extracted from 
dry Ceramium boydenii with hot water and purified 
by freezing and thawing in the usual way. It 
contains 2.81% of ash and 1.18% of sulfate on the 
dry basis. 

Hydrolysis of the Agar.—The agar (15g. on the 
dry basis) was hydrolyzed with N-sulfuric acid 
(200 ml.) in a boiling water bath for 1Shr. After 
filtration followed by neutralization with barium 
carbonate and subsequent refiltration, the solution 
was allowed to pass through columns of Amberlite 
IR-120 (100 ml.) and Amberlite IR-4B (100 ml.) in 
succession. The resins were then washed with 
water (1500 ml.). All the effluents were combined 
and evaporated under reduced pressure to a sirup 
(7.5g.). Paper chromatographic examination using 
n-butanol-ethanol-water (4: 1:2 v/v) as a developing 
solvent and aniline hydrogen phthalate as a sprayer 
indicated the prensence of galactose, xylose, 6-O- 
methyl-galactose and 5-hydroxymethylfuraldehyde. 
The last compound would arise from 3, 6-anhydro- 
galactose which would have been decomposed during 
the hydrolysis». 

Isolation of 6-O-Methyl-p-galactose.—The sirup 
obtained above afforded p-galactose on crystalliza- 
tion from a mixture of methanol (25ml.) and 
ethanol (35ml.); yield 2.6g., m. p. 160~165°C; 
la}i}-78.0° (c 0.80 in water). The mother liquor 
(4.7g.) was then chromatographed on a charcoal- 
Celite column, from which a mixture (2.9g.) of 
galactose and xylose was eluted with first 21. of 
water. Further elution with additional 51. of 
the same solvent afforded chromatographically pure 
6-O-methyl-p-galactose; yield 1.8g. (12% of the 
agar). The sugar was purified by recrystallization 
twice from absolute ethanol; m. p. 122~124°C; 
[a ]j}+-135°-»+77.0° (c 1.0 in water) (Found: C, 
43.15; H, 7.11; OCHs, 16.15. Calcd. for C;Hi4Os: 
C, 43.29; H, 7.27; OCHs, 15.98%). The melting 
point and optical rotation reported for 6-O-methyl- 
D-galactose are: m. p. 128°C, [a@]?9,+114°-+77°% ; 
m. p. 118°C, [a]#%+120°->+ 70°; m. p. 122~123°C, 
La]p+112->+66°; m.p. 113~114°C, [a]}$+137 

77°); m.p. 122~123°C, [a]f+117°—->+77.3°®. 
For comparison, 6-O-methyl-p-galactose was prepar- 
ed by the method of Freudenberg and Smeykal 
and purified on a charcoal-Celite column. It had 
the same melting point and mixed melting point as 
that isolated above. 

The sugar was also identified as its phenyl- 
osazone*-©: m.p. and mixed m.p. 200~201°C; 
La]}+140° (c 0.40 in pyridine) (Found: N, 14.98; 
OCHs, 8.19. Calcd. for CigH2xOiNy: N, 15.05; 
OCHs, 8.33%). 


Institute of Chemistry 
Faculty of Industrial Arts 
Kyoto Technical Universit, 

Matsugasaki, Kyoto 


6) J. R. Nunn and M. M. von Holdt, J. Chem. Soc., 
1957, 1094. 

7) C. Araki and K. Arai, J. Chem. Soc. Japan (Nippon 
Kwagaku Kwaisi), 63, 1522 (1942). 








